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ABSTRACT 
 
DNA helicases are motor enzymes that convert the chemical energy of nucleotide 
triphosphate hydrolysis into mechanical energy for translocation on single stranded (ss) DNA 
and unwinding of double stranded (ds) DNA.  All of the 12 known replicative helicases are 
hexameric helicases that are ring-shaped in structure and are homohexamers with the exception 
of the eukaryotic minichromosomal maintenance (MCM) helicase.  Their activities are essential 
for a variety of DNA metabolic transactions including replication, recombination and repair.  
Bacteriophage T7 gp4 serves as one of the model proteins for replicative helicases.  Moreover, 
the replication machinery of Bacteriophage T7 provides a simple model to study the dynamics of 
DNA replication.  To address how the leading and lagging strand synthesis are coordinated 
during DNA replication, we employed single molecule Förster Resonance Energy Transfer 
(smFRET) methods on the Bacteriophage T7 replisome (helicase/primase and polymerase).  Our 
results suggest a model whereby the primase loop allows the coordination of leading and lagging 
strand DNA synthesis by enabling the newly synthesized RNA primers to remain coupled to the 
leading strand replication complex and therefore minimizing the delay in lagging strand 
synthesis.  To further investigate the unwinding mechanism of T7 helicase, we used smFRET 
methods to resolve steps during DNA unwinding by T7 helicase.  Our results show direct 
evidence of larger than 1 bp step size of unwinding by a hexameric helicase.  Our studies provide 
a detailed mechanism of T7 helicase unwinding of double stranded (ds) DNA.   
Simian Virus (SV) 40 Large T-Antigen (L-tag) serves as a model replicative helicase for 
studying eukaryotic DNA replication.  It belongs to the AAA+ family of helicases that bind to 
the origin of replication sites on the DNA and form higher order structures to unwind the DNA 
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bidirectionally.  We used smFRET methods to probe the unwinding activity of L-tag.  An 
important aspect in understanding the translocation and unwinding mechanisms of ring helicases 
is how the subunits of these enzymes are coordinated during ATP hydrolysis cycles as they move 
on ss/dsDNA.  E1, another helicase belonging to the AAA+ family of helicases, was shown to 
utilize a sequential ATP hydrolysis mechanism during ssDNA translocation where individual 
subunits hydrolyze ATP one at a time.  For L-tag, it has been proposed that it utilizes a concerted 
ATP hydrolysis mechanism where all the subunits hydrolyze ATP simultaneously.  To address 
this question, we performed experiments using L-tag proteins that are deficient in their ATPase 
and DNA binding activities at different ratios with the wild type L-tag.  Our results suggest that 
individual subunits of the hexamer are coordinated during ATP hydrolysis but do not 
differentiate between a concerted vs. sequential ATP hydrolysis mechanism. 
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
DNA Replication 
The process by which a cell duplicates its genomic DNA to pass on to its daughter cells is 
known as DNA replication.  It is the basis for biological inheritance in all living organisms. The 
site where DNA replication occurs in cells is called origin of replication.  Before cell division 
can occur, the DNA helix must be separated into its constituent strands, a process carried out by 
proteins called helicases.  Once the DNA strands are separated, they are replicated by two DNA 
polymerase molecules. However, DNA polymerase cannot initiate DNA synthesis by itself.  A 
short fragment of RNA, called a primer that has sequence complementarily to the template 
strand, must be added for DNA polymerase to begin synthesis in a 5’ to 3’ direction.  This 
function is performed by a protein called primase.  Because DNA polymerase can only 
synthesize in one direction, one works in close association with the helicase to copy the leading-
strand template in a continuous manner while the second copies the already unwound lagging-
strand template in a discontinuous manner through synthesis of short fragments called Okazaki 
fragments (1, 2).  Hence, lagging-strand polymerase has to recycle after every Okazaki fragment 
through the slow steps of primer synthesis and hand-off to the polymerase (3-5).  Despite the 
slow steps of the lagging strand synthesis, the two strands are synthesized with the same net rate.  
Just how this feat is accomplished is not well understood.  The replication machinery of 
bacteriophage T7 serves as a good model to study DNA replication because the whole replication 
system can be reconstituted using a small number of proteins. The T7 DNA polymerase consists 
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of the T7 gene 5 protein (gp5), encoded by the bacteriophage, and the thioredoxin (trx) 
processivity factor, encoded by the E. coli host in a 1:1 complex.  The T7 gene 4 protein (gp4) 
organizes into a hexamer and contains both helicase and primase activities (Figure 1.1A).  gp 2.5 
is a single stranded DNA binding protein (SSB) that binds to single strands of DNA to prevent 
reannealing of the two strands after they have been unwound and to prevent degradation of 
single strands of DNA from nucleases.  Nucleases are enzymes that cut DNA.  SSBs are present 
in all organisms.  The helicase activity is in the C-terminal region of the enzyme and the primase 
activity is in the N-terminal region of the enzyme (Figure 1.1 B).  We employed smFRET 
methods to investigate the functional cooperativity between the enzymatic activities of the T7 
replication complex. 
Bacteriophage T7 Helicase 
In addition to the Bacteriophage T7 replication machinery study described above, we 
employed smFRET studies to specifically investigate the unwinding mechanism of T7 helicase.  
T7 helicase (gp4A' protein) has served as a good model system for replicative helicases as well 
as hexameric helicases (6).  T7 helicase assembles into a ring-shaped hexamer in the presence of 
dTTP and ssDNA (7, 8).  It translocates on ssDNA in the 5’ to 3’ direction and unwinds dsDNA 
using the strand exclusion mechanism where it binds and moves along one strand of the dsDNA 
in the 5’ to 3’ direction while excluding the complementary strand from its central channel (1, 9-
11).  T7 helicase cannot unwind the dsDNA with a speed as high as its translocation speed on 
ssDNA unless it is aided by the T7 DNA polymerase (12) or an assisting force is applied on the 
DNA in the unzipping direction (13).  The kinetic step size of unwinding by T7 helicase was 
estimated to be about 10 bp using ensemble single-turnover kinetic analysis (14).  As defined, 
the kinetic step size provides an estimate of how often a recurrent rate-limiting step takes place 
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during processive unwinding.  However, the kinetic step size estimated from ensemble 
measurements can be inflated if there exists significant heterogeneity in the reaction rate among 
individual molecules (15). There is a need for a method that can measure the unwinding reaction 
with a sufficiently high spatiotemporal resolution for detecting the steps directly.  We used 
smFRET to measure real time DNA unwinding by individual T7 helicase molecules.  Single-
molecule techniques have given detailed insights into the mechanisms of various helicases (13, 
15-33).  One of the reasons for using single-molecule methods to study biological processes is to 
avoid ensemble averaging and therefore provide more accurate analyses of biological behaviors 
such as the stepping events during unwinding (20, 27).  In addition, crystal structures of 
hexameric helicases, thus far,  have not given detailed information on the unwinding 
mechanisms because either the nucleic acids substrates are not included in the structures (34-37) 
or only the single stranded substrates are co-crystalized (38, 39). 
 SV40 Large T-Antigen  
Large T-Antigen (L-tag) serves as a model protein to study eukaryotic replication because it 
is a functional homolog of the eukaryotic MCM complex (36) and it replicates viral genome in 
eukaryotic cells.  It is part of the AAA+ family of helicases.  L-tag is an oncoprotein encoded by 
polyomaviruses that is essential in replicating the viral DNA.  While other helicases require 
initiator proteins to recruit onto DNA, L-tag can bind and assemble into a double hexamer on the 
DNA without any additional cofactors and thereafter melt and unwind DNA to form a replication 
fork in a 3’ to 5’ direction using the energy from ATP hydrolysis (40).  Therefore, it is easy to 
study and reconstitute the replication machinery of this system.  Figure 1.2 illustrates the general 
mechanism of unwinding of this viral protein.  The details of assembly, melting and unwinding 
are still not well understood; and to the best of our knowledge a high resolution single molecule 
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study of L-tag has not been carried out yet.  To probe the unwinding activity of L-tag, we applied 
smFRET methods on fork substrates like we did for the T7 helicase to gain detailed insights into 
its unwinding mechanism.  An important characteristic in elucidating the translocation and 
unwinding mechanisms of ring helicases is how the subunits of these enzymes are coordinated 
during ATP hydrolysis cycles as they move on ss/dsDNA.  E1 was shown to utilize a sequential 
ATP hydrolysis mechanism during ssDNA translocation where individual subunits hydrolyze 
ATP one at a time (37).  For L-tag, it has been proposed that it utilizes a concerted ATP 
hydrolysis mechanism where all the subunits hydrolyze ATP simultaneously (35).  To address 
this question, we performed experiments using L-tag proteins that are deficient in their ATPase 
and DNA binding activities at different ratios with the wild type L-tag.  
1.2 Experimental Techniques 
Förster Resonance Energy Transfer (FRET)  
FRET is used to measure distances of a few nanometers between two fluorescent dyes, a 
donor and an acceptor.   The donor is first excited by an excitation source (laser) upon which it 
transfers its energy non-radiatively to an acceptor.  The interaction between two induced dipoles 
results in FRET.  The transfer efficiency depends on the distance between the two dyes.  The 
efficiency of energy transfer, η is given by the equation, η = 1 / (1+ (R/R0)
6
), where, R is the 
distance between the donor and the acceptor dyes and R0 is the distance at which the transfer 
efficiency is 50% (Figure 1.3).  R0 is 60 Å for a widely used FRET pair, Cy3 and Cy5 (44).  
Because FRET can measure distance changes in nanometer scale, it is a useful tool to study 
structural and behavioral dynamics of bimolecules. 
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Single Molecule FRET 
 Single molecule FRET experiments have several advantages over ensemble FRET 
measurements.  For example, if there are several subpopulations with different FRET values in a 
single experiment, single molecule measurement can give a detailed distribution of these 
subpopulations.  On the other hand, ensemble FRET measurements can only reveal an average 
value (45).  Furthermore, in order to study the kinetics of a system using ensemble methods, 
reactions have to be synchronized.  Single molecule FRET measurements do not require 
synchronization of reactions.  Moreover, single molecule FRET methods can reveal very short 
lived transitions and intermediate states in a reaction which is not possible to achieve in 
ensemble measurements.      
Total Internal Reflection (TIR) Microscopy 
In order to detect single molecules we immobilize molecules on a quartz slide and 
illuminate them by attaining total internal reflection at the quartz-water interface (Figure 1.4).  
TIR enables us to excite the molecules that are close to the surface because during TIR an 
exponentially decaying evanescent wave is produced that penetrates to a depth of ~200 
nanometers (nm).   We use a wide-field prism type TIR microscope where a laser beam hitting 
the prism which is placed on top of the sample creates an evanescent field at the quartz and water 
interface on the slide.  The objective then collects the fluorescence.  The fluorescence emission 
from the donor and acceptor are split using a dichroic mirror and detected by the CCD camera 
with up to 16 ms time resolution.  The collimated image is split into two channels, donor and 
acceptor, on the CCD camera and what is observed on the computer screen is depicted in Figure 
1.5.  The observation area is 25 µm x 50 µm.  An advantage of using wide-field microscopy is 
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that hundreds of single molecules can be detected simultaneously, making it a high throughput 
technique (45).  We calculate the apparent FRET efficiency by η = IA/ (IA+ ID), where, IA is the 
emission acceptor intensity recorded from a single molecule and ID is the emission donor 
intensity recorded from a single molecule.  We then correct the leakage of donor signal to the 
acceptor channel, which is typically between 10% and 15% of the donor signal, using scripts 
written in Matlab (46).  This can be determined from a donor only molecule.  The absolute FRET 
value can be estimated using a correction factor, γ, in the denominator in the equation above: η = 
IA/ (ID + γ * IA), where where γ represents relative detection efficiencies and quantum yields of 
Cy3 and Cy5.  Data acquired in our lab has shown that γ is approximately 1.  Hence, by merely 
using η = IA/ (IA+ ID), we can calculate FRET efficiency accurately.           
Donor and Acceptor Dyes 
 Ideal dyes for single molecule fluorescence experiments must possess the following 
characteristics: (1) highly photostable, (2) high quantum yield, (3) high extinction coefficient, (4) 
have excitation and emission in the visible wavelength, (5) have minimal intensity fluctuations, 
(6) small in size to prevent alteration in behavior of biomolecules they are attached to.  Cy3 and 
Cy5 are one of the widely used FRET pairs in single molecule fluorescence measurements 
because they are photostable in an oxygen free environment; their spectral separation is large, 
greater than 100 nm; and their quantum yields and extinction coefficients are high and 
comparable.   
Oxygen Scavenging System 
 Photobleaching is a phenomenon that is inherent to organic dyes such as Cy3 and Cy5.  It 
occurs when the dyes interact with oxygen in the solution after being excited and can no longer 
fluoresce.  Hence, an oxygen scavenging system is needed that will remove oxygen from the 
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solution.  We use an oxygen scavenging system that consists of 0.4% w/v β-D-glucose or 0.8% 
w/v D-glucose, 1 mg/ml (165 U/ml) glucose oxidase, and 0.04 mg/ml (2170 U/ml) catalase.  
Glucose oxidase converts glucose, oxygen and water in the solution to gluconic acid and 
hydrogen peroxide.  Catalase removes hydrogen peroxide from the solution.  In addition, a 
triplet-state quencher (a reducing agent) is used to further enhance the photostability of Cy dyes.  
For some of the experiments presented here, we used β-mercaptoethanol for this purpose, but we 
replaced it with Trolox after it was shown to be more effective in quenching the triplet state of 
the dyes (47).  Furthermore, it was shown to improve the photostability of Cy3 and Cy5 (47).    
Surface Preparation 
 To study biological behavior of individual molecules over a long period of time, the 
molecules must be tethered to a surface.  We utilize methods that allow specific binding of DNA 
and proteins while preventing nonspecific adsorption.  For DNA only studies, we can use a 
quartz slide coated with biotinylated BSA followed by addition of neutravidin.  We can then 
immobilize biotinylated DNA or RNA with high specificity (48-51) because BSA, neutravidin, 
and quartz slide are negatively charged at neutral pH, which would repel nucleic acids.  To 
perform experiments with proteins on immobilized DNA, a BSA-coated surface is too adhesive 
because proteins possess both positive and negative charges. Therefore, we developed a 
polyethylene glycol (PEG) coated surface that prevents non-specific binding of proteins (21).   
Below I will discuss the method used to passivate our quartz microscope slides with PEG.  The 
first step involves functionalizing the quartz surface with amine groups using aminosilane.  In 
the second step, the amine group is reacted with NHS-ester PEG. 
 The surface of quartz slide is composed of silica and hydroxyl functional groups which 
are activated when we treat the slide with potassium hydroxide (KOH).  We then treat the slide 
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with N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane that contains three hyrolyzable propyl 
groups and one non-hydrolyzable amine functional group and in a four step process, the slide is 
functionalized with silane.   
Once the slides contain amine groups after being treated with silane, the slides are treated 
with mPEG that has an active N-hydroxysuccinimide (NHS) ester group.  mPEG NHS ester has 
an alkyl chain that connects the mPEG and NHS ester.  In addition, the alkyl chain plays a 
crucial role in forming a stable amide linkage when mPEG is reacted with the amine group from 
the silane.  About 2-5% of biotin-PEG is added with mPEG to enable binding of neutravidin 
PEG so that biotinlyated bimolecule can be immobilized on the slide. 
Sample Chamber Preparation 
 The sample chamber is created by drilling two 0.75 mm holes on two ends of the slide to 
form the inlet and outlet (Figure 1.6).  The next step is to clean the slide and then passivate it 
with aminosilane and PEG as described above.  Following passivation of the slide, the slide is 
assembled in the following manner.  Double-sided tape (~100-μm thick) is attached on the slide 
in a manner where there is ~5 mm gap between the tapes.  Next, a cleaned cover slip which has 
been treated with silane and PEG is placed on top of the tape.  A five minute epoxy is used to 
seal the chamber.  To inject solutions, a 1 ml syringe is attached to the outlet hole with epoxy 
and a 200 μl pipette tip is affixed in the inlet hole with the solution to be injected.  The solution 
is added by pulling the syringe manually.  This method of injection prevents the stage of the 
microscope from being perturbed while injecting the solution in the slide and enables us to 
capture DNA unwinding data by helicases in real-time.                 
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Data Acquisition 
 Fluorescence signal acquired during experiments is recorded in real time using home-
written Visual C++ software (Microsoft) with a typical time resolution of 30 ms.  The software 
obtains each frame of the movie from the camera and enters it to the hard drive as a single large 
file containing all the frames.  Single molecule time traces are obtained from the recorded movie 
file using scripts written in IDL.  Due to aberrations and misalignments of the optics, the donor 
and acceptor images obtained cannot be overlaid.  Hence, we use IDL scripts and a calibration 
image obtained using fluorescence beads to acquire a polynomial map between the donor and 
acceptor channels.   
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1.3 Figures 
 
 
 
 
 
  
Figure 1.1.  Cartoon of Bacteriophage T7 Replication System (41).  A.  T7 gp4 is a 
hexameric helicase; two copies of DNA polymerase complexed with E. coli thioredoxin 
synthesize DNA; gp2.5 is a single stranded DNA binding protein; B.  T7 gp4 consists of both 
the helicase domain at its C-terminus and a primase domain at the N-terminus. The primase 
domain consist of a zinc binding domain (ZBD) and a RNA polymerase domain (RPD).  The 
RNA polymerase domain adds RNA primers shown in red in part A, to the unwound DNA. 
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Figure 1.2 (52).  General mechanism of DNA melting and unwinding by AAA+ 
family of helicases.  The helicase first bind and oligomerize into double hexamers 
on the origin of replication site on DNA.  Next, they utilize ATP hydrolysis to melt 
and unwind DNA.  One of the mechanisms of unwinding shown above is that as the 
double hexamers are unwinding the DNA, the unwound single strand is looped out.  
The details of unwinding and melting of AAA+ family of helicases is still not well 
understood.   
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Figure 1.3 (taken from Ha Lab group page). Illustration of how distance 
between two dyes affects energy transfer. The transfer efficiency depends on 
the distance between the two dyes.  The efficiency of energy transfer, η is given 
by the equation, η = 1 / (1+ (R/R0)
6
), where, R is the distance between the donor 
and the acceptor dyes and R0 is the distance at which the transfer efficiency is 
50%.   
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Figure 1.4. Schematic illustration of TIR fluorescence (TIRF) microscopy 
(courtesy of Sinan Arslan).  A laser beam hitting the prism which is placed on 
top of the sample creates an evanescent field at the quartz and water interface 
on the slide.  The objective then collects the fluorescence.  The fluorescence 
emission from the donor and acceptor are split using a dichroic mirror and 
detected by the CCD camera. 
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Figure 1.5. Single molecule image obtained from the CCD camera 
(courtesy of Sinan Arslan).  The two white circles represent a single 
molecule split into donor and acceptor channels.  The observation area 
is 25 µm x 50 µm. 
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Figure 1.6.  Sample Chamber.  The sample chamber is created by drilling 
two 0.75 mm holes on two ends of the slide to form the inlet and outlet 
followed by attaching two double-sided strips of tape about 5 mm apart to 
create the diagonal channel as depicted above.  A 1 ml syringe is used to 
inject from a 200 μl tip.     
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CHAPTER 2 
T7 REPLICATION MECHANISM 
2.1 Abstract 
 Genomic DNA is replicated by two DNA polymerase molecules, one of which works in 
close association with the helicase to copy the leading-strand template in a continuous manner 
while the second copies the already unwound lagging-strand template in a discontinuous manner 
through the synthesis of Okazaki fragments (1-2). Considering that the lagging-strand 
polymerase has to recycle after the completion of every Okazaki fragment through the slow steps 
of primer synthesis and hand-off to the polymerase (3-5), it is not understood how the two 
strands are synthesized with the same net rate (6-9).  In collaboration with Prof. Smita Patel,  we 
show and third, the lagging-strand polymerase copies DNA faster, which allows it to keep up 
with that RNA primers are made ‘on the fly’ during ongoing DNA synthesis and that the leading-
strand T7 replisome does not pause during primer synthesis, contrary to previous reports (10-11). 
Instead, the leading-strand polymerase remains limited by the speed of the helicase
 
(12); it 
therefore synthesizes DNA more slowly than the lagging-strand polymerase. We show that the 
primase–helicase T7 gp4 maintains contact with the priming sequence during ongoing DNA 
synthesis; the nascent lagging-strand template therefore organizes into a priming loop that keeps 
the primer in physical proximity to the replication complex. Our findings provide three 
synergistic mechanisms of coordination: first, primers are made concomitantly with DNA 
synthesis; second, the priming loop ensures efficient primer use and hand-off to the polymerase;  
 
The content in Chapter 2 has been published as: 
Pandey, M., S. Syed, I. Donmez, G. Patel, T. Ha and S. S. Patel, "Coordinating DNA 
replication by means of priming loop and differential synthesis rate", Nature 462, 940-
943 (2009) 
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and third, the lagging-strand polymerase copies DNA faster, which allows it to keep up with  
leading-strand DNA synthesis overall.  However, only the figures from single molecule portion 
of the study performed by me will be presented here.  This includes replisome unwinding and 
priming loop data.  
2.2 Materials and Methods   
Proteins and DNA 
T7 gp4A′ and gp5 (exo-) proteins were purified as described previously (13-14). 
Thioredoxin from E. coli was purchased from Sigma-Aldrich. Protein concentration was 
calculated by ultraviolet absorption (in 8 M guanidinium chloride) using extinction coefficients 
at 280 nm of 0.0836 μM-1 cm-1 for T7 gp4A′ and 0.13442 μM-1 cm-1 for T7 gp5 (exo-). 
Oligodeoxynucleotides were purchased from Integrated DNA Technology or Sigma-Aldrich 
(Table 2.1).  Proteins were preassembled on the DNA before the start of the reaction: T7 gp4 was 
added to the fork substrate with dTTP and EDTA in the replication buffer and incubated on ice 
for 30 min. For assembling T7 replisome, T7 DNA polymerase (T7 gp5 and E. coli thioredoxin 
(1:5) mixed for 5 min at 22 °C in replication buffer containing freshly made 5 mM dithiothreitol 
(DTT) (2) was added to T7 gp4 and the DNA mixture and incubated at room temperature 
(23 ± 1 °C) for a further 30 min. 
Preparation of the DNA substrate for the priming loop FRET experiments  
This step was performed by Manjula Pandey in Prof. Smita Patel’s lab.  The purified 
oligos with and without Cy3 (donor) were annealed to their respective complement strands. 
Similarly the strand with and without Cy5 (acceptor) were also annealed to their complementary 
sequence strand, which has a biotin modification at its 5’ end. The annealed species were 
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subjected to BstX1 digestion at 10 μM at 37ºC for 10 hr in 100 μl aliquot reactions. The digests 
were cleaned up by YM-30 centricon to remove the small ends left after enzyme-digestion and 
then ethanol precipitated. The sticky end of the 5’-fork end duplex (top 1+bottom1) was ligated 
to the sticky end of the 3’-end duplex (top2+bottom2) at 20 μM concentration, at room 
temperature for 3 hr using the Quick Ligase. Each step of the process was monitored on TBE 
native gel followed by fluorescent scanning for Cy3 and Cy5 on Typhoon scanner. All the steps 
were carried out in dark to preserve the dye intensities. The primer was annealed to the duplex 
substrate at 37ºC for 1 hr followed by slow cooling to room temperature for helicase 
+polymerase experiments.   
Single Molecule FRET Experiments 
 Biotin was attached at the 5′ end of the DNA strand during DNA synthesis. Cy3N-
hydroxysuccinimido (NHS) ester and Cy5 NHS ester (GE Healthcare) were internally labeled to 
the dT of single-stranded DNA strands by means of a C6 amino linker (modified by Integrated 
DNA Technologies, Inc.). A quartz microscope slide (Finkenbeiner) and coverslip were coated 
with polyethylene glycol (mPEG-5000; Laysan Bio Inc.) (15-16) and biotinylated PEG (biotin-
PEG-5000; Laysan Bio Inc.). Measurements were performed in a flow chamber that was 
assembled as follows. After the assembly of the coverslip and quartz slide
 
(16), a syringe was 
attached to an outlet hole on the quartz slide through tubing. All the solution exchanges were 
performed by putting the solutions (0.1 ml) in a pipette tip and affixing it in the inlet hole, 
followed by pulling the syringe. The solutions were added in the following order. Neutravidin 
(0.2 mg ml-1; Pierce) was applied to the surface and washed away with T50 buffer (10 mM Tris-
HCl, pH 8, 50 mM NaCl). Biotinylated DNA (about 50–100 pM) in T50 buffer was added and 
washed away with imaging buffer (10 mM Tris-HCl, pH 8, 50 mM NaCl, 0.1 mg ml-1 glucose 
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oxidase, 0.02 mg ml-1 catalase, 0.8% dextrose, plus Trolox) (17). For replisome measurements, 
T7 gp4 (50 nM hexamer) and T7 DNA polymerase (gp5/thioredoxin) (50 nM) were loaded on the 
DNA with 2 mM dTTP, 5 mM DTT and 5 mM EDTA in imaging buffer, and incubated for 
10 min. After a few seconds of imaging, unwinding and polymerase synthesis were initiated by 
the addition of the rest of the dNTPs (1 mM each), 1 mM ATP, 1 mM CTP, 5 mM DTT and 
4 mM free Mg2+ in imaging buffer. All measurements were made at room temperature 
(23 ± 1 °C). 
Data Analysis 
Single-molecule FRET experiments to measure unwinding and priming-loop formation 
were performed on a wide-field total-internal-reflection fluorescence microscope with 30 ms 
time resolution and imaged by means of a charge-coupled-device camera ( iXon DV 887-BI; 
Andor Technology) (18). The Cy3 and Cy5 fluorophores were internally labeled on the dT 
through a C6 amino linker. Gel-based DNA synthesis reactions were performed by Manjula 
Pandey lab to confirm that the fluorophores on the DNA did not affect DNA synthesis.  The 
priming-loop substrates were prepared by ligating donor and acceptor labeled DNAs.  FRET was 
calculated as the ratio of the acceptor intensity and the total (acceptor plus donor) intensity after 
correcting for cross-talk between the donor and acceptor channels and subtracting the 
background. For unwinding assays, the initiation of FRET change and its saturation were scored 
by visual inspection of the donor and acceptor intensities and the time difference between the 
two points was designated as Δt.  The calculated FRET efficiency from this method was 
demonstrated to be robust as described below.  The time for photobleaching of the fluorophores 
was at least tenfold longer than the unwinding time, and no unwinding-like signal was observed 
without the addition of Mg
2+
. 
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Validating the identification of the initiation time point of FRET decrease during 
unwinding 
Prof. Taekjp Ha simulated single molecule FRET trajectory representing unwinding in 
the following manner. FRET efficiency E begins with 0.8 and drops over 12 data points to 0.15.  
We chose 12 data points because the average duration of FRET drop determined experimentally 
was about 0.4 s compared to the time resolution of 30 ms.  The decrease in E was modeled as a 
linear decrease in time.  The initiation time for the FRET drop was randomized by the computer 
and stored, and was later compared to the initiation time determined manually to evaluate the 
potential errors associated with the manual picking given the noise level.  Poissonian noise was 
added to the donor and acceptor intensities and then the E value was calculated as the acceptor 
intensity divided by the sum of the two intensities.  The average of the total count was chosen to 
be 80 such that the typical standard deviation of E around 0.8 was 0.045.  Typical standard 
deviation for the experimental E values before unwinding was 0.05.  We then visually picked the 
moment of FRET signal decrease using the same set of criteria used for the analysis of actual 
data (Method 1, described in Data Analysis section), and the compared to the true time stored by 
the computer. The analysis result of 46 such simulated data (graph now shown) showed that the 
true time point was picked about 50% of the time within the time resolution used, and with the 
standard deviation of about 1 time bin. Importantly, the systematic error in overestimating the 
initial time point of FRET decrease was only 0.26 time bin, smaller than our time bin. 
Considering the average delta_t is 0.4 second, 13 times the time bin, we can conclude that the 
error in determining the initial time point of FRET decrease is negligible.  We also tested an 
alternative method (Method 2) of scoring the initiation time for FRET decrease by requiring that 
the E value drops by more than 3 times the standard deviation below the average value before 
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unwinding. The result showed that the initiation time is overestimated by 2.2 time bins with 
similar standard deviation (0.95 time bin) (graph not shown). Therefore, Method 2 systematically 
overestimates the initiation time in comparison to Method 1 we employed for the actual data. We 
also tested this Method 2 on our experimental data and compared to the result of Method 1. 
Again, we found a systematic overestimation of the initiation time by a similar amount (3.6 time 
bins) using Method 2 compared to Method 1. 
FRET histograms during unwinding 
The triple repeats of each experiment were used to build the FRET histogram with error 
bars for each bin. For each run of flow experiment, we built the FRET histogram during FRET 
decay and normalized the histogram so that the total area becomes 1. Then, for each bin, we 
calculated the average over three independent experiments and the associated standard error. 
Finally, to compare the FRET histograms between the cases with and without the priming-
sequence, we rescaled the histogram with the priming-sequence so that it agrees best with the 
histogram without the priming sequence at the beginning part (FRET > =0.8) and the ending part 
(FRET <=0.35) of the histogram. 
2.3 Introduction  
Replication of the double stranded (ds) DNA genome requires collective action from 
many individual players including DNA helicase, primase, DNA polymerase, and single-strand 
DNA binding protein (1-2). The helicase plays a pivotal role in DNA replication by unwinding 
the strands of the dsDNA using the energy acquired from NTP hydrolysis.  The DNA 
polymerase makes copies of the newly unwound DNA strands using dNTPs as substrates.  
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The primase synthesizes short RNA fragments to initiate Okazaki fragments synthesis on the 
lagging strand.  The single-strand DNA binding protein (ssb) binds ssDNA and prevents ssDNA 
from reannealing.  It also protects the DNA from nuclease degradation.  Moreover, during DNA 
replication, by binding to ssDNA it coordinates the activities of leading and lagging strand.  The 
dsDNA genome is replicated by two molecules of the DNA polymerase.  One polymerase works 
with the helicase to synthesize the leading strand in a continuous manner while the second 
molecule of polymerase replicates the SSB coated lagging ssDNA in a discontinuous manner by 
making Okazaki fragments.  Replicating the lagging strand is more complex than the leading 
strand because the polymerase can only synthesize DNA in a 5’ to 3’ direction.  Hence, it has to 
dissociate after the synthesis of each Okazaki fragment and reinitiate synthesis of a new DNA 
fragment.  In 1983, Bruce Alberts proposed that a Trombone Loop (6) allows coordination 
between leading and lagging strand synthesis by physically coupling the two strands.   This way, 
the two strands are made with the same net rate (8).  Considering the lagging strand polymerase 
has to recycle after every Okazaki fragment, which takes a few seconds, and that RNA primers 
are made at a slower rate (4-5), it is not understood how the lagging strand polymerase keeps up 
with the leading strand polymerase. Several models have been proposed to solve this dilemma. 
One recent model proposed that leading strand synthesis stalls when primers are being made on 
the lagging strand (10).  Other models explain multiple lagging polymerases working at the same 
time and polymerase jumping to a new primer before the completion of the Okazaki fragment 
synthesis (20-21).  In collaboration with Prof. Smita Patel, we attempted to solve this puzzle by 
performing ensemble and smFRET kinetic measurements on the bacteriophage T7 replication 
system.  The bacteriophage T7 replication proteins constitute one of the simplest replication 
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protein machineries and they serve as a model for understanding the behavior of individual 
proteins and how they work in concert with each other (8, 10-14).       
2.4 Data 
DNA unwinding by T7gp4 
To explore functional coupling between the helicase and primase activities, we measured 
DNA unwinding by single molecule FRET.  DNA substrates were made in which Cy3 (donor) 
and Cy5 (acceptor) dyes were introduced at the ss/ds junction and a priming site was introduced 
8 bp downstream from the junction.  A control DNA without the priming site but otherwise 
identical was also used.  The DNA was tethered to a polymer-treated quartz surface via biotin-
neutravidin interaction (Figure 2.1a).  After assembly of the gp4 on the DNA in the presence of 
dTTP, the unwinding reaction was initiated by flowing a solution containing Mg(II), dTTP and 
NTPs (ATP + CTP).  This method of initiation served to remove the unbound protein in solution 
and enabled us to observe unwinding by prebound proteins only (23).  
Before unwinding starts, the donor and the acceptor dyes are close together and therefore 
the FRET is high.  As the unwinding reaction proceeds, the time-averaged distance between the 
fluorophores increases resulting in FRET decrease over time (Figure 2.1b).  The high to low 
FRET change was measured in real time to explore the characteristic unwinding behavior of the 
helicase on the two types of DNA.  The time it takes for FRET value to drop to the lowest value 
was determined for 88 molecules and plotted as histograms (Figure 2.2). The average time for 
FRET decrease was 1.5 times longer for the DNA containing the priming sequence compared to 
the control DNA.  The same behavior was also observed in the absence of NTPs (data not 
shown). These results are consistent with the ensemble gel unwinding assays performed by 
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Manjula Pandey and provide evidence for the slowing of the unwinding reaction when the DNA 
contains the priming sequence, regardless of whether the primer is synthesized or not.  
DNA unwinding by T7 replisome 
The kinetics of DNA unwinding by T7 replisome (helicase-polymerase) was measured 
using single molecule FRET to determine if there was a population of molecules that was 
unwinding at a slower rate.  As before, the priming site was introduced 8 bp downstream from 
the junction (Figure 2.3a). The donor (Cy3) was placed at the ss/ds junction of the DNA 
substrates on the 5’ strand and the acceptor (Cy5) was placed in the DNA primer to avoid its 
fluorescence quenching by the polymerase (Figure 2.3a).  The DNA was tethered to a polymer-
treated quartz surface via biotin-neutravidin interaction (Figure 2.3a).  After assembly of T7 gp4 
and T7 DNA polymerase enzymes on the DNA, the reaction was initiated by flowing a solution 
containing Mg(II), dNTPs and NTPs (ATP + CTP).  As the replication reaction proceeded the 
distance between the dyes increased resulting in a time dependent decrease in FRET (Figure 
2.3b).  To quantify the unwinding behavior, we measured the unwinding time as described above 
for both sets of experiments.  The priming and control forks show a similar FRET decrease time 
(Δt) of 0.4 ± 0.027 and 0.37 ± 0.022 s, respectively (Figure 2.4).  Furthermore, the data does not 
reveal any pausing behavior.  Figure 2.5 shows full unwinding traces for both sets of 
experiments to demonstrate the initiation time of the unwinding reaction and to illustrate that the 
fast unwinding drop is not due to experimental noise.  Figures 2.6 and 2.7 show more 
representative unwinding traces for with and without priming sequence, respectively.  To ensure 
that the reaction was catalyzed by the combined action of DNA polymerase and helicase, we 
performed unwinding experiments on these substrates with gp4 only and measured the unwinding 
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times. The unwinding times were similar to those obtained with gp4 alone on substrates without the 
primer (data not shown).    
To further compare the T7 replisome and T7gp4 only unwinding behaviors, we built 
histograms of FRET values visited during unwinding reactions (see Materials and Methods).  
T7gp4 FRET histogram during the reaction phase of FRET decrease shows an additional 
population in the mid FRET values that we attribute to the pausing of the gp4 protein upon 
recognition of priming sequence (Figure 2.8a).  This data demonstrates that our FRET assay has 
the sensitivity and dynamic range to detect a pausing event induced by priming-sequence 
recognition. Such pausing disappears when the DNA polymerase is introduced to the reaction for 
coupled reaction with gp4 (Figure 2.8b).  If the T7 replisome paused for several seconds every 
time a primer is made, our single-molecule analysis would have detected the pausing events. 
Primer Synthesis 
In order to confirm our results, we needed to ensure that primers were being made during 
our unwinding assays.  Manjula Pandey demonstrated using sequencing gel assays that efficient 
synthesis of RNA primers from dimer to pentamer by T7 replisome (T7 gp4 and T7 DNA 
polymerase) was observed on the priming fork with a half-life of about 0.5 s and a yield of more 
than 60%.  She also showed that T7gp4 only also makes RNA primers on this priming fork, but 
roughly tenfold more slowly, which is consistent with polymerase assistance of the helicase rate 
(12). 
T7 Priming Loop 
Because DNA synthesis continues uninterrupted while primers are being synthesized, our 
results predict that the nascent lagging-strand template should loop out between the covalently 
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linked helicase and primase domains of T7 gp4 (Figure 2.9) (22).  The formation of such a 
priming loop during DNA synthesis was probed with our single-molecule FRET assay: Cy3 and 
Cy5 fluorophores were introduced 40 base pairs (bp) apart on the lagging-strand template of the 
surface-attached DNA fork (Figure 2.10).  Before the unwinding of DNA, no FRET was 
observed because of the long (40-bp) distance between the fluorophores (Figure 2.11). As T7 
replisome unwinds the double-stranded DNA (dsDNA), the donor Cy3 shows an increase in 
intensity (green trace in 2.11b, top panel) due to a change in environment from protein-induced 
fluorescence enhancement (24) and DNA strand separation (25). Continued DNA unwinding 
brings the priming sequence and the donor nearby close to the primase domain, where they are 
held in place. The replisome continues unwinding the DNA while the primase domain is engaged 
with the priming sequence; therefore, at some point in time, the acceptor comes close to the 
donor and this was detected as an increase in FRET (Figure 2.11b, top and middle panels), 
providing evidence for the formation of a priming loop.  In all, 40 molecules out of about 75 with 
a fluorescently active donor and acceptor showed formation of a priming loop. With continued 
unwinding, the priming loop grows in size and the donor and acceptor move apart, which was 
detected as a decrease in FRET (Figure 2.11b, top and middle panels).  Finally, the total 
fluorescence signal disappears on completion of the reaction and the release of the fluorescently 
labeled DNA strand from the surface. 
The control fork showed an increase in donor intensity (green) (Figure 2.11b, bottom 
panel) but no increase in acceptor intensity or FRET (more than 200 molecules were analyzed). 
The donor intensity time (2.12, bottom panel)—the time between the jump in donor intensity and 
the total signal disappearance—was the same for priming and control DNAs, indicating that both 
DNAs are unwound at the same rate. The average time for FRET increase (2.12, top panel) with 
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the priming fork was threefold longer for the experiments with T7 gp4 only (Figures 2.13 and 
2.14) compared with T7 replisome, indicating the assistance of the polymerase in the reactions.  
To test whether compaction of unwound single-stranded DNA (ssDNA) might give rise to high 
FRET values (26), we measured FRET between Cy3 and Cy5 separated by 40 nucleotides of 
ssDNA and found the average FRET value to be 0.2, much lower than those obtained during 
priming-loop formation (Figure 2.15).  Additional representative traces from replisome loop 
experiments on DNA substrates with and without priming sequence are displayed in Figures 2.16 
and 2.17, respectively.  Overall, these results show, first, that the primase remains engaged with 
the priming sequence while DNA continues to be synthesized, and second, that the nascent 
lagging strand forms a priming loop. 
Lagging strand DNA polymerase synthesizes DNA faster than leading strand DNA 
polymerase 
 Making primers ahead of time during ongoing DNA synthesis minimizes the delay due to 
primer synthesis, and keeping the RNA primers in physical proximity to the replicating complex 
provides a mechanism for efficient use of the priming sequence and hand-off to the polymerase. 
Nevertheless, lagging-strand polymerase dissociation, primer hand-off and initiation of a new 
Okazaki fragment synthesis event take time that could delay the synthesis of the lagging strand. 
Because the leading-strand replisome does not slow or pause during primer synthesis, the 
question remains as to how the lagging-strand polymerase keeps up with the leading-strand 
polymerase after many Okazaki fragment synthesis events.  Manjula Pandey tested an alternative 
model, proposed more than 20 years ago (27), that the leading-strand polymerase simply moves 
with a slower overall rate than the lagging-strand polymerase.  To measure the rate of DNA 
synthesis as catalyzed by the lagging-strand polymerase, we used a primer–template DNA 
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substrate coated with T7 gp2.5 that mimics the already unwound lagging-strand template. To 
measure the rate of leading-strand synthesis by the T7 replisome, we used a fork substrate that 
contained the same template sequence in the dsDNA.  T7 DNA polymerase copied the gp2.5-
coated ssDNA template 30% faster (188 ± 10 nucleotides s-1) than the T7 replisome did (132 ± 10 
nucleotides s-1).  A faster rate of DNA synthesis by T7 DNA polymerase than that of the 
replisome was observed with E. coli single-strand binding protein-coated template (158 ± 10 
nucleotides s-1) and without any single-strand binding protein (200 ± 8 nucleotides s-1).  That the 
T7 replisome moves more slowly than the DNA polymerase alone is consistent with the notion 
that the DNA synthesis rate is limited by the speed of the helicase.  From multiple experiments 
she estimated that T7 DNA polymerase alone copies the ssDNA template on average 38% faster 
than the T7 replisome does.  From the 30% difference in rates, she calculated that the leading-
strand polymerase will take on average 6–7 s longer than the lagging-strand polymerase to copy 
3,000 bp of DNA, the average length of an Okazaki fragment.  Unless physical coupling slows 
its rate, the lagging-strand polymerase will reach the end of the previously made Okazaki 
fragment with 6–7 s to spare to pick up a new primer and initiate another round of Okazaki 
fragment synthesis. 
2.5 Conclusion 
 Our data demonstrating that the replisome does not pause during primer synthesis is in 
direct contrast with previous reports (10-11)
 
suggesting that T7 replisome pauses during primer 
synthesis.  DNA synthesis in those studies was measured indirectly by following the overall 
shortening of DNA as dsDNA was converted to coiled ssDNA.  In the presence of ATP plus 
CTP, intervals of 5–6 s were observed with no change in DNA length, which was attributed to 
replisome stalling.  We propose that these pauses are caused not by replisome pausing but by the 
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conversion of ssDNA back to dsDNA as a result of uncoupled lagging-strand synthesis.  
Although reactions were washed, contaminating polymerase catalyzing uncoupled DNA 
synthesis including those tethered by means of T7 gp4 (28) could not be ruled out.  Under 
conditions in which excess polymerase was present, both transient loops and pauses were 
observed (10). The possibility could not be ruled out that the pausing and looping pattern was 
caused by separate Okazaki fragment synthesis events.  Those that were coupled showed loop 
release, and those that were uncoupled showed the pausing behavior. 
On the basis of our results, we propose that T7 replisome does not pause during primer 
synthesis or any of the steps of lagging-strand synthesis. Instead, the following synergistic 
mechanisms exist to coordinate strand synthesis. First, primers are made ahead of time during 
ongoing DNA synthesis; hence, primer synthesis itself does not delay lagging-strand synthesis. 
Second, the primer is kept in physical proximity to the replication complex by means of a 
priming loop that ensures efficient primer use and hand-off to the lagging-strand polymerase 
(Figure 2.18).  Third, the lagging-strand polymerase copies the ssDNA template at a faster rate, 
providing extra time for the recycling steps.  In addition to moving faster, multiple lagging-
strand polymerases could work at the same time to complete lagging-strand synthesis in a shorter 
time
 
(20).  Under certain conditions, the lagging-strand polymerase may jump to a new primer 
before completion of the Okazaki fragment, thereby leaving gaps that can be filled in later (21). 
Because the basic mechanism of dsDNA replication is conserved from phage to humans (1-2), 
the mechanisms revealed from studies of the T7 replication proteins are broadly applicable to the 
more complex replication complexes of bacteria and eukaryotes. 
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2.6 Figures and Tables 
Table 2.1: Sequences of the oligodeoxynucleotides 
UNWINDING  OLIGONUCLEOTIDES SEQUENCES 
DNA primer with Cy5 5'-GCG CTG GTT AGT GGA AG Cy5 AGA TTC 
A-3’ 
Top strand with Cy3 5'-30Ts Cy3 ATT GGG CTA TTA TTT ATT TTA 
TAT TTA TAT TTT AAT TAA T-3’ 
Bottom strand 5'-Biotin-ATT AAT TAA ATT ATT AAT ATA 
ATA TAA ATA ATA GCC CAA TTT GAA TCT 
ACT TCC ACT AAC CAG CGC-3' 
Top strand P with Cy3 5'-30Ts Cy3 ATT GGG TCA TTA TTT ATT TTA 
TAT TTA TAT TTT AAT TAA T-3’ 
PRIMASE LOOP OLIGONUCLEOTIDES 
(used for construction) 
SEQUENCES 
PLTop1+cy3 5’-35Ts C ATG AAG ATA GGG CTA CAT/iCy3/ 
CTG TAT CTA GAT CCA CTA GAG TGG ATA 
CTA-3’ 
PLTop1 5’-35Ts C ATG AAG ATA GGG CTA 
CA/iAmMC6T/ CTG TAT CTA GAT CCA CTA 
GAG TGG ATA CTA-3’ 
PLPrimaseTop1+cy3 5’-35Ts C ATG AAG ATA GGG TCA CAT/iCy3/ 
CTG TAT CTA GAT CCA CTA GAG TGG ATA 
CTA-3’ 
PLPrimase Top1 5’-35Ts C ATG AAG ATA GGG TCA 
CA/iAmMC6T/ CTG TAT CTA GAT CCA CTA 
GAG TGG ATA CTA-3’ 
PLTop2+cy5 5'- G ACT ATC CAC TAG AGT GGA CAT GAT 
CAT GAC ATG T/iCy5/GT GTA TCT AGT ACA 
TGT AGT ACA ACT ACA TGA ACT CTT CTG 
TGA CTG TAG -3' 
PLTop2 5'- G ACT ATC CAC TAG AGT GGA CAT GAT 
CAT GAC ATG /iAmMC6T/ GT GTA TCT AGT 
ACA TGT AGT ACA ACT ACA TGA ACT CTT 
CTG TGA CTG TAG -3' 
PLBottom 1 5’- TAG TAT CCA CTC TAG TGG ATC TAG 
ATA CAG ATG TAG CCC TAT CTT CAT GTT 
GAA TCT CTT CCA CTA ACC AGC GC-3’ 
PL Primase Bottom 1 5’- TAG TAT CCA CTC TAG TGG ATC TAG 
ATA CAG ATG TGA CCC TAT CTT CAT GTT 
GAA TCT CTT CCA CTA ACC AGC GC-3’ 
PLBottom 2 5'- /5Biosg/CTA CAG TCA CAG AAG AGT TCA 
TGT AGT TGT ACT ACA TGT ACT AGA TAC 
ACA CAT GTC ATG ATC ATG TCC ACT CTA 
GTG GAT AGT C -3' 
PRIMASE LOOP OLIGONUCLEOTIDES 
(constructed substrate) 
SEQUENCES 
PS TOP+CY3 & Cy5 5’-35Ts C ATG AAG ATA GGG CTA CA/cy3/ 
CTG TAT CTA GAT CCA C TAG AGT GGA  
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CAT GAT CAT GAC AT/cy5/GT GTA TCT AGT 
ACA TGT AGT ACA ACT ACA TGA ACT CTT 
CTG TGA CTG TAG-3’ 
PS TOP+CY3 only 5’-35Ts C ATG AAG ATA GGG CTA CA/cy3/ 
CTG TAT CTA GAT CCA C TAG AGT GGA 
CAT GAT CAT GAC ATG / iAmMC6T/GT GTA 
TCT AGT ACA TGT AGT ACA ACT ACA TGA 
ACT CTT CTG TGA CTG TAG-3’ 
PS TOP+Cy5 only 5’-35Ts C ATG AAG ATA GGG CTA CA/ 
iAmMC6T / CTG TAT CTA GAT CCA C TAG 
AGT GGA CAT GAT CAT GAC ATG /cy5/GT 
GTA TCT AGT ACA TGT AGT ACA ACT ACA 
TGA ACT CTT CTG TGA CTG TAG-3’ 
PS BOTTOM 5'- Biotin CTA CAG TCA CAG AAG AGT TCA 
TGT AGT TGT ACT ACA TGT ACT AGA TAC 
ACA CAT GTC ATG ATC ATG TCC ACT CTA 
G TGG ATC TAG ATA CAG ATG TAG CCC 
TAT CTT CAT GTT GAA TCT CTT CCA CTA 
ACC AGC GC -3' 
PS Primase TOP+CY3 & Cy5 5’-35Ts C ATG AAG ATA GGG TCA CA/cy3/ 
CTG TAT CTA GAT CCA C TAG AGT GGA 
CAT GAT CAT GAC ATG /cy5/GT GTA TCT 
AGT ACA TGT AGT ACA ACT ACA TGA ACT 
CTT CTG TGA CTG TAG-3’ 
PS Primase TOP+CY3 only 5’-35Ts  
C ATG AAG ATA GGG TCA CA/cy3/ CTG TAT 
CTA GAT CCA C TAG AGT GGA CAT GAT 
CAT GAC ATG / iAmMC6T/GT GTA TCT AGT 
ACA TGT AGT ACA ACT ACA TGA ACT CTT 
CTG TGA CTG TAG-3’ 
PS Primase TOP+Cy5 only 5’-35Ts C ATG AAG ATA GGG TCA CA/ 
iAmMC6T / CTG TAT CTA GAT CCA C TAG 
AGT GGA CAT GAT CAT GAC ATG /cy5/GT 
GTA TCT AGT ACA TGT AGT ACA ACT ACA 
TGA ACT CTT CTG TGA CTG TAG-3’ 
PS Primase BOTTOM 5'- Biotin CTA CAG TCA CAG AAG AGT TCA 
TGT AGT TGT ACT ACA TGT ACT AGA TAC 
ACA CAT GTC ATG ATC ATG TCC ACT CTA 
G TGG ATC TAG ATA CAG ATG TGA CCC 
TAT CTT CAT GTT GAA TCT CTT CCA CTA 
ACC AGC GC -3' 
  
Table 2.1 (cont.) 
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Figure 2.1.  Kinetics of DNA unwinding of priming and control substrates by T7 
gp4. a.  Single-molecule FRET DNA unwinding by T7 gp4 assembled on fork with (top 
panel) and without (bottom panel) the priming sequence. b. Left to right on each panel: 
representative intensity traces, the corresponding FRET trace.  The vertical lines indicate 
the starting and ending positions of the period marked by Δt. 
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Figure 2.2.  Dwell time histogram of DNA unwinding of priming and control 
substrates by T7 gp4. Priming and control substrates show different FRET decrease 
times (Δt).    
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Figure 2.3. Replisome unwinding. a.  DNA construct for the unwinding assay. b.   Left 
graphs: representative Cy3 and Cy5 intensity traces showing DNA unwinding on priming 
(top) and control without the priming sequence (bottom) substrates. Right graph: FRET 
time courses. 
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Figure 2.4. Dwell-time histograms. Priming and control substrates show 
similar FRET decrease times (Δt) due to unwinding and synthesis    
40 
 
 
  
Figure 2.5. Replisome unwinding traces. Single molecule FRET DNA 
unwinding by replisome on fork with (top panel) and without (bottom panel) 
primingsequence showing the full traces for T7 replisome experiment in Figure 3. 
FRET intensity traces on left of both panels show the moment of manual injection 
of buffer containing Mg2+ marked by the arrows. 
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Figure 2.6. Representative replisome unwinding traces.  Cy3 (green) and Cy5 (red)   
intensity time traces with corresponding FRET efficiency vs. time placed next to the 
intensity traces.  The vertical lines indicate the starting and ending positions of the period 
marked by Δt. 
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Figure 2.7. Representative replisome unwinding traces.  Cy3 and Cy5 intensity traces 
on control substrates without the priming- sequence.  The vertical lines indicate the 
starting and ending positions of the period marked by Δt. 
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Figure 2.8.  FRET histogram during the period indicated by Δt in Figures 3, 6 and 7. 
a. T7 gp4 FRET histogram.  The priming sequence shows a pause.  b. T7 replisome 
FRET histogram.  No obvious pauses are observed during unwinding. 
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 Figure 2.9.  Formation of a priming loop.  While the primase domain remains bound 
to  the priming sequence to make RNA (red), nascent lagging-strand template forms a 
priming loop. 
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Figure 2.10.  Fluorescently labelled DNA fork to investigate the priming loop.  Cy3 
and Cy5 fluorophores are introduced 40 base pairs (bp) apart on the lagging-strand 
template of the surface-attached DNA fork so that a loop formation is detected by an 
increase in FRET efficiency.   
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Figure 2.11. Evidence of a priming loop. a.  Depiction of how the priming loop is 
formed during replisome unwinding.  b. Top: Cy3 (donor, green) and Cy5 (acceptor, red) 
intensity time traces during DNA synthesis by T7 replisome. Labels i–iv correspond to 
the DNA states in the diagrams in b. Middle: plot of FRET efficiency against time. 
Bottom: representative Cy3 and Cy5 intensity traces on the control fork without the 
priming sequence.    
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Figure 2.12.  Plots of cumulative fraction against the indicated time intervals 
determined from single-molecule time traces. The time intervals measured are marked 
by the arrows in Figure 11.  In all, 40 molecules from one experiment were used to build 
the curves (see Methods and Materials).  Top panel: FRET increase time for both helicase 
and replisome experiments.  Bottom panel: Donor intensity time for replisome 
experiments. 
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Figure 2.13.  Evidence of a priming loop with T7gp4 unwinding.  Top panel: 
Representative Cy3 (green) and Cy5 (red) intensity time traces labeled (i) to (iv), which 
correspond to the various DNA states in the cartoons in Figure 11. Middle panel: FRET 
efficiency vs. time for the fluorescence intensity traces. Bottom panel: Representative 
Cy3 and Cy5 intensity traces on control substrates without the priming-sequence. 
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Figure 2.14.  Cumulative counts (normalized to 100%) vs. the indicated time 
intervals determined from single molecule time traces.  The time intervals measured 
are marked by the arrows in Figures 11 and 13. 40 molecules from one experiment were 
used to build the curves (see Methods and Materials). The data is representative of 
multiple experiments. 
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Figure 2.15.  Control experiment to test ssDNA flexibility.  a. Cartoon of the DNA 
construct containing Cy3 (donor) and Cy5 (acceptor) at the ends of (dT)40. b. FRET 
efficiency histogram after adding the reaction buffer (10 mM Tris, 50 mM NaCl, 0.1 
mg/ml Glucose Oxidase , 0.02 mg/ml Catalase , 0.8% dextrose, Trolox, 4 mM Mg2+, 1 
mM dNTPs, 1 mM ATP, 1 mM CTP, pH 8)) to the DNA; there is a FRET peak at ~0.20 
and in addition to the donor only peak at FRET = 0. The FRET efficiency histogram was 
built by calculating the FRET values as the ratio between the acceptor intensity and the 
total (acceptor + donor) intensity after correcting for crosstalk between the donor and 
accepter channels and subtracting the background.    
 
 
 
 
 
Donor
Acceptor
dT40
3’
a b
0.0 0.2 0.4 0.6 0.8 1.0
0
50
100
150
200
250
300
C
ou
nt
FRET
51 
 
 
 
 
 
 
 
 
 
Figure 2.16.  Representative traces showing a priming loop with T7 replisome.  Cy3 
(green) and Cy5 (red) intensity time traces with corresponding FRET efficiency vs. time 
placed below the intensity traces.   
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Figure 2.17. Cy3 and Cy5 intensity traces on control substrates without the priming- 
sequence.  About 20% of the time traces showed excess noise and they were  
excluded from the donor intensity time analysis 
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Figure 2.18.  Model of T7 DNA replication.  The leading-strand template (yellow) is 
copied continuously by the cooperative action of T7 DNA polymerase and T7 gp4 while 
the lagging-strand template (in blue, coated with gp2.5) is copied by T7 DNA polymerase 
through the synthesis of Okazaki fragments. The physical coupling of the leading-strand 
and lagging-strand polymerases by interactions between T7 gp4 and gp2.5 creates a 
trombone loop. The priming loop (coated with gp2.5) is created between the physically 
linked primase and helicase domains of T7 gp4 as a result of ongoing DNA synthesis 
during primer synthesis. The priming loop keeps the nascent primer within physical reach 
of the lagging-strand polymerase. On primer hand-off to the lagging-strand polymerase, 
the priming loop becomes part of the trombone loop. 
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CHAPTER 3 
T7 HELICASE UNWINDING MECHANISM 
3.1 Abstract  
Bacteriophage T7 gp4, a hexameric ring-shaped helicase, serves as a model protein for 
replicative helicases.  T7 helicase couples dTTP hydrolysis to directional movement and DNA 
strand separation.  Previous studies have shown that its DNA unwinding rate and dTTPase rate 
are sensitive to base pair (bp) stability.  Here, we employed single molecule fluorescence energy 
transfer (smFRET) methods to resolve steps during DNA unwinding by T7 helicase. We confirm 
that the unwinding rate of T7 helicase decreases with increasing bp stability. For duplexes 
containing > 35% GC base pairs, we observed stochastic pauses during unwinding.  Using an AT 
block followed by GC block as a calibration tool, we determine that the pausing occurs every 2-3 
bp, regardless of detailed sequence composition. The dwells on each pause were distributed non-
exponentially, consistent with several rounds of dTTP hydrolysis before each unwinding step.  
Moreover, we observed backward movements on GC rich DNAs by the T7 helicase at low dTTP 
concentrations.  
3.2 Materials and Methods 
Protein, DNA Substrates and Annealing 
  T7 helicase (gp4A’) protein was purified as described previously 2. Protein concentration 
was calculated by UV absorption in 8M guanidine hydrochloride using the extinction 
coefficients at 280 nm 0.0836 µM
-1
cm
-1
 for T7 gp4A’. DNA strands (Table 3.1) were purchased 
from Integrated DNA Technologies (Coralville,
 
IA). Attachment of biotin at the 5’ end was done 
during DNA synthesis.  Cy3 NHS-ester and Cy5 NHS-ester (GE Healthcare) were conjugated to 
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an internal dT of single-stranded DNA strands via a C6 amino linker.  DNA strands (5 M final 
concentration) were annealed by heating complementary strands in T50 buffer (10 mM Tris, 50 
mM NaCl, pH 8) to 90 
o
C for 5 min and slowly cooling for 2-3 h to room temperature. 
Single Molecule Spectroscopy 
The Cy3 and Cy5 labeled fork substrates attached to surface were imaged using a wide-
field total-internal-reflection fluorescence microscope with 30-ms time resolution with an 
electron multiplying CCD camera (iXon DV 887-BI, Andor Technology).  The fluorescence 
signals from donor and acceptor molecules were recorded using homemade software written in 
Visual C++.  Single-molecule traces were obtained from the recorded video file by using a script 
written in IDL (Research Systems, Boulder, CO).  FRET values were calculated as the ratio 
between the acceptor intensity and the total (acceptor + donor) intensity after correcting for 
cross-talk between the donor and acceptor channels and subtracting the background using scripts 
written in Matlab 
3
. 
Single Molecule Unwinding Measurements of T7 Helicase 
A quartz microscope slide (Finkenbeiner) and cover slip were coated with 
polyethyleneglycol (m-PEG-SVA-5000, Laysan Bio Inc.) to reject nonspecific binding of 
proteins 
4
, and biotinylated-PEG (biotin-PEG-SC-5000, Laysan Bio Inc.).  A flow chamber for 
the single molecule measurements was assembled as follows.  After the assembly of coverslip 
and quartz slide 
3
, a syringe was attached to an outlet hole on the quartz slide through a tubing.  
All the solution exchanges mentioned below were done by putting the solution (0.1 ml) in a 
pipette tip and affixing it in the inlet hole followed by pulling the syringe.  The solutions were 
added in the following order.  Neutravidin (0.2 mg/ml, Pierce) was applied to the surface and 
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washed away with T50 buffer (10 mM Tris, 50 mM NaCl, pH 8).  Biotinylated DNA (~50 to 100 
pM) in T50 buffer was added and washed away with imaging buffer (10 mM Tris, 50 mM NaCl, 
0.1 mg/ml Glucose Oxidase (Sigma), 0.02 mg/ml Catalase (Roche) , 0.8% dextrose, and 1% v/v 
2-mercaptoethanol (Acros), pH 8). Next, T7 gp4 (50 nM hexamer) was loaded on the DNA with 
2 mM dTTP and 5 mM EDTA in imaging buffer and incubated for 10 minutes. After several 
seconds of imaging, unwinding reaction was initiated by adding 1 mM dTTP and 4 mM free 
Mg(II) in imaging buffer.  All measurements were done at room temperature (23  1 oC). 
Data Analysis 
The unwinding time was calculated as follows:  The initiation of FRET decrease and its 
saturation at the lowest FRET value were scored via visual inspection of the donor and acceptor 
intensities, and the time difference between the two points was assigned as the unwinding time of 
each reaction. FRET histograms during the period spanning the unwinding time were calculated 
and were normalized by the number of time points so that each molecule makes the same 
contribution to the final FRET histogram.  The stepwise decrease in FRET observed in 
unwinding and the dwell time of each step was processed via a stepfinder MATLAB program 
adopted from Kerssemakers et al 
5,6
. The transition density plots 
7
 were derived from the data 
obtained from the stepfinder program and plotted in Origin (OriginLab).  In order to characterize 
the backward movements of the enzyme during unwinding, we performed the cross correlation 
analysis after subtracting the gradually decreasing FRET signal as follows.  The overall decrease 
in FRET during unwinding was approximated by applying a median filter with 2 seconds sliding 
window and was subtracted from the raw data.  With this method, we were able to demonstrate 
that fluctuations faster than 2 seconds are anticorrelated if a low dTTP concentration is used. 
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3.3 Introduction 
 DNA helicases are motor enzymes that convert the chemical energy of nucleotide 
triphosphate hydrolysis into mechanical energy for translocation on single stranded (ss) DNA 
and unwinding of double stranded (ds) DNA 
8,9
.  Their activities are essential for a variety of 
DNA metabolic transactions including replication, recombination and repair.  These enzymes 
encounter DNA sequences of different stabilities during their function in the cell.  Previous 
ensemble and single-molecule studies have shown that the unwinding rates of T7 helicase and 
hepatitis virus C NS3 helicase depend on the stability of nucleic acid base pairs 
10-12
.  Studying 
the effect of base pair stability on helicase activity can provide insights into the unwinding 
mechanisms 
13,14
. 
T7 helicase (gp4A' protein) has served as a good model system for replicative helicases 
as well as hexameric helicases 
15,16
.  T7 helicase assembles into a ring-shaped hexamer in the 
presence of dTTP and ssDNA 
17,18.  It translocates on ssDNA in the 5’ to 3’ direction and 
unwinds dsDNA using the strand exclusion mechanism where it binds and moves along one 
strand of the dsDNA in the 5’ to 3’ direction while excluding the complementary strand from its 
central channel 
19-22
.   T7 helicase cannot unwind the dsDNA with a speed as high as its 
translocation speed on ssDNA unless it is aided by the T7 DNA polymerase 
23
 or an assisting 
force is applied on the DNA in the unzipping direction 
11
.   
The kinetic step size of unwinding by T7 helicase was estimated to be about 10 bp using 
ensemble single-turnover kinetic analysis 
24
. As defined, the kinetic step size provides an 
estimate of how often a recurrent rate-limiting step takes place during processive unwinding.  
However, the kinetic step size estimated from ensemble measurements can be inflated if there 
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exists significant heterogeneity in the reaction rate among individual molecules 
25
. There is a 
need for a method that can measure the unwinding reaction with a sufficiently high 
spatiotemporal resolution for detecting the steps directly. In this report we used smFRET (single 
molecule fluorescence resonance energy transfer) 
26
 to measure real time DNA unwinding by 
individual T7 helicase molecules.  Single-molecule techniques have given detailed insights into 
the mechanisms of various helicases 
4,6,11,12,25,27-48
.  One of the reasons for using single-molecule 
methods to study biological processes is to avoid ensemble averaging and therefore provide more 
accurate analyses of biological behaviors such as the stepping events during unwinding 
6,35
.  In 
addition, crystal structures of hexameric helicases, thus far,  have not given detailed information 
on the unwinding mechanisms because either the nucleic acids substrates are not included in the 
structures 
49-53
 or only the single stranded substrates are co-crystalized 
54-56
.   
Here, taking advantage of sequence dependent unwinding rate, we used a designed DNA 
substrate to find a relation between FRET efficiency and the number of bp unwound.  From high 
GC content substrates, we could detect the individual steps of DNA unwinding and analyze their 
kinetics.  By slowing down the reaction using reduced dTTP concentrations, we were able to 
observe frequent backward movements of the enzyme.  Our smFRET results further support 
earlier sequence dependence studies of T7 helicase and show that T7 helicase pauses on high GC 
DNAs after 2-3 bp unwinding. 
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3.4 Data 
Single-molecule FRET unwinding assay shows duplex stability dependence of unwinding 
rate 
We probed the helicase activity of T7 helicase using a single molecule unwinding assay 
26,57,58
 based on single molecule FRET 
26
. Forked substrates were used where the Cy3 (donor) 
and Cy5 (acceptor) fluorophores were introduced at the ss/ds junction of the DNA with 40 bp 
duplex (Figure 3.1A).  The DNA was tethered to a polymer-treated quartz surface via biotin-
neutravidin interaction (Figure 3.1A).  After assembling T7 helicase on the DNA in the presence 
of 2 mM dTTP but no Mg(II), unwinding reaction was initiated by flowing a solution containing 
4 mM Mg(II) and 1 mM dTTP.  This method of initiation served to remove the unbound protein 
in solution and enabled us to observe DNA unwinding catalyzed by prebound proteins only.  
Before unwinding starts, the donor and acceptor fluorophores are close together and therefore 
FRET is high (Figure 3.1B).  As the unwinding reaction proceeds, the time-averaged distance 
between the fluorophores increases resulting in FRET decrease over time (Figure 3.1B) 
57-59
. 
When the donor-labeled strand departs from the surface after complete unwinding, the total 
fluorescence signal drops to the background level because the acceptor is not excited efficiently 
by the excitation laser at 532 nm.  To quantify the unwinding behavior, we measured the total 
unwinding time, which is the duration of the time interval from the moment FRET starts to 
decrease until the moment total fluorescence signal disappears (Figure 3.1B, bottom panel, 
marked with arrows).  More than 50 molecules from each substrate were used to measure the 
total unwinding time and its distribution (Figure 3.2).  A 10-fold difference in the unwinding 
time from 0% GC sequence to 80% GC sequence was observed (Figure 3.2, 1 and 10 s, 
respectively).  After unwinding reaction has progressed to a certain point, the remaining number 
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of base pairs may separate spontaneously 
24
. Therefore, we employed the following alternative 
method to estimate the absolute unwinding rate. We measured the time it takes to change FRET 
from 0.9 (the average value before unwinding starts) to 0.3. As we will show below, 0.3 FRET 
corresponds to about 10 bp unwound (Figure 3.3).  Dividing 10 bp by the average time it takes to 
unwind 10 bp gives the unwinding rate. We plotted the total unwinding time and the unwinding 
rate against ΔG/bp values of five different unwinding substrates (Figure 3.4). Because the GC bp 
stability is dependent on the surrounding bp in nucleic acids, we used the nearest neighbor 
approach 
60
 to calculate the ΔG for the sequences using the HyTher® web-based program 61. The 
average ΔG/bp for the substrates ranged from 0.94 to 1.97 kcal/mol/bp under the salt conditions 
(4 mM Mg(II) and 50 mM NaCl) used for the experiments. By measuring the unwinding rate this 
way, the difference between 0% GC and 80% GC becomes 13 fold.  The results confirm that the 
unwinding rate decreases as the base pair stability of the duplex 
10
.  Moreover, the results further 
validate our single-molecule assay as the unwinding rates obtained are in agreement with 
previously reported rates attained from ensemble measurements 
10,62
.   
Calibration of the number of base pairs unwound to FRET efficiency 
FRET efficiency is a non-linear function of  distance R between the donor and the 
acceptor, and R is a non-linear, unknown function of the number of bp unwound Nuw, making it 
challenging to calibrate FRET vs. Nuw. In order to make an approximate assignment of FRET 
values to Nuw, we performed the unwinding experiment using a substrate with 10 contiguous A-T 
bp followed by 30 contiguous G-C bp in the duplex region.  After the unwinding reaction was 
initiated, FRET drops rapidly to ~0.3 likely due to unwinding of the A-T bp block, followed by a 
gradual decrease to the lowest value (Figure 3.5A).  To estimate the FRET value when the first 
10 bp have been unwound, we measured FRET values during the one second window after the 
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initial, rapid FRET drop has ceased and plotted their histogram (> 50 molecules) (Figure 3.5B).  
The histogram shows a peak at a value of 0.3 FRET. Therefore, we will assume below that about 
10 bp are unwound during the period when FRET efficiency decreases from the initial ~0.9 to 
~0.3. 
Unwinding step size of T7 helicase 
Although all A-T sequence DNA was unwound rapidly without any evidence of steps or 
pauses during unwinding, DNA sequences containing 35% or more G-C bp showed clear 
evidence of steps during unwinding (Figure 3.1B). Because it is possible that the apparent steps 
during unwinding are caused by G-C bp that are slower to unwind, i.e. the steps may be 
sequence-dependent pauses instead of being elementary steps, we analyzed in detail three 
substrates with a stretch (3, 4 or 8 bp) of A-T bp followed by a stretch of G-C bp in repeating 
pattern which have 48%, 50% and 80% G-C content, respectively (Figure 3.6A). After the 
unwinding reaction was initiated, we observed that T7 helicase unwound these substrates in a 
step-wise manner, indicated by the pauses observed during FRET decrease (Figure 3.6B).  For a 
minor fraction of molecules FRET decreases with no detectable pause or only a single pause.  
But in the majority of molecules, regardless of the sequence, three or four pauses could be 
visually identified, corresponding to four or five steps, respectively, in reaching from the highest 
to the lowest FRET values. We observed two or three pauses (or three to four steps) by the time 
FRET reaches a value of ~0.3 (Figure 3.6C).  Because our calibration suggests that about 10 bp 
are unwound by the time FRET~0.3 is reached, we can deduce that the pauses are separated by 
~2-3 bp. However, FRET histograms during FRET decrease did not show distinct peaks, 
suggesting that there are not well-defined FRET states that are visited during unwinding as 
would be expected if pauses occur when the helicase encounters a boundary caused by G-C bp 
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(Figure 3.7A).  To further quantify the pausing behavior, we used an unbiased step-finding 
algorithm which generated the average FRET value for each pause and its dwell time (see 
Materials and Methods) 
5,6
. We then built transition density plots  
7
 that represent the two 
dimensional histogram for pairs of FRET values, determined using the step-finding algorithm, 
before and after each pause.  Transition density plots also illustrate that the pauses during 
unwinding do not occur at well-defined FRET states (Figure 3.7B).  We next plotted the 
histogram of pause durations and obtained a non-exponential dwell time histogram.  The average 
dwell time of the pauses increased with the increase in G-C content (Figure 3.8).  The average 
dwell time was calculated by taking the mean of the individual dwell time values for all the 
molecules generated from the step-finding algorithm.  We fit the data into gamma distribution 
((Δt) N–1 exp(–kΔt)) where t = time, k = rate and N = number of hidden steps and the fit gave N = 
2 or 3 suggesting that each ~2-3 bp step is composed of two or three hidden kinetic steps (Figure 
3F).   Hence, our data indicates that there are 2-3 hidden steps before the burst of unwinding ~2-
3 bp of DNA. 
T7 helicase slows down and moves backwards during unwinding at lower dTTP 
concentrations 
To test if the apparent step size of 2 to 3 bp would persist even when unwinding becomes 
slower, we performed unwinding experiments on the 80% GC substrate with lower dTTP 
concentrations (100 M, 50 M, 30 M, 10 M; during T7 helicase assembly and unwinding).  
The number of molecules showing unwinding dropped from ~60% to ~10% when [dTTP] was 
reduced from 1 mM to 10 M, with the midpoint occurring at around 75 M (Figure 3.9A). This 
trend is consistent with the requirement of dTTP to assemble the ring helicase on the DNA. 
Among the molecules showing unwinding, the average time it takes for FRET to decrease from 
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maximum to minimum values increased from 3.5 s to 11 s when [dTTP] was lowered from 1 
mM to 10  M (Figure 3.9B). Because of much reduced yield of unwinding at 50 M or lower 
dTTP, below we will present data with 100 M dTTP.  To quantify the unwinding behavior at 
100 M dTTP, we used the step-finding algorithm to measure the dwell time of each pause for 
those molecules showing monotonic FRET decrease during unwinding, representing about 70% 
of molecules showing unwinding (Figure 3.10A). The dwell histogram shows a non-exponential 
behavior as was observed with 1 mM dTTP and could be fit with gamma distribution, yielding N 
= 4.123 +/- 0.598, as similarly to the 1 mM dTTP case (Figure 3.10B). The average dwell time is 
three times longer with 100 M dTTP, 2.54 s, than with 1 mM dTTP, 0.8 s. Therefore, the rate-
limiting steps required for an escape from a paused state likely involves dTTP binding.  
Furthermore, ~30% of the unwinding traces showed apparent FRET fluctuations that 
appeared non-monotonic, indicating partial re-annealing of DNA likely due to backward 
movements by the T7 helicase (Figures 3.11 and 3.14).  Experiments performed using 50 M 
dTTP showed ~38% of the traces with similar fluctuations in the FRET values further 
demonstrating that backward movements are more prevalent at lower [dTTP] (Figure 3.12).  To 
determine whether the apparently non-monotonic FRET fluctuations are simply due to 
uncorrelated intensity fluctuations of the donor and acceptor signals, we performed a cross-
correlation analysis. Because FRET decreases during unwinding, we first subtracted the median 
filtered (2 seconds sliding window) donor and acceptor intensities from the raw data (see 
Materials and Methods). Then, we calculated the cross-correlation curve between the two 
processed donor and acceptor intensities. If the FRET fluctuations superimposed on the overall 
FRET decrease are due to statistical noise, the cross-correlation should show zero amplitude 
within noise of the measurement. We found that the cross-correlation curve, averaged over 50 
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molecules that were visually identified to possess non-monotonic FRET fluctuations at 100 M 
dTTP, starts from a negative value and decays to zero, confirming that the donor and acceptor’s 
intensity fluctuations are anti-correlated (Figures 3.11 and 3.13).  In contrast, the cross-
correlation curve calculated from the data obtained with 1 mM dTTP shows essentially zero 
amplitude without any negative values at early time points (Figure 3.15).  From visual analysis 
of 1 mM dTTP, we found that more than 90% unwinding traces do not display backward 
movements (Figure 3.15).  Less than 10% of the unwinding traces showed hints of non-
monotonic fluctuations in the FRET values at 1 mM dTTP. Backward movements occur at a 
higher frequency with lower dTTP concentrations likely because the helicase subunits involved 
in translocation are not saturated with dTTP.  
3.5 Conclusion 
A previous ensemble study showed that increasing duplex stability lowers the dTTP 
hydrolysis rate in addition to decreasing the unwinding rate of T7 helicase 
62
.  The apparent 
coupling ratio (bp unwound/dTTP hydrolyzed), defined as the ratio of unwinding rate and 
dTTPase rate, decreased from 3-4 for AT-rich DNA to 1-2 for GC-rich DNA, leading to the 
proposal that either the helicase unwinds DNA with a different step size depending on the 
sequence (Model 1) or it takes backward movements coupled with futile dTTP hydrolysis when 
faced with GC-rich sequence (Model 2). Model 2 assumes that the step size of unwinding for GC 
rich DNA is the same as that of AT rich DNA, presumably 3-4 bp, but most dTTP hydrolysis 
events are not coupled to unwinding for GC rich DNA. Our data shows that the helicase unwinds 
~2-3 bp in a burst with 2-3 hidden kinetic steps (presumably corresponding to 2-3 dTTP 
consumed) for high GC content substrates, and are therefore consistent with the previously 
reported coupling ratio of 1 to 2. However, we did not observe extensive backward movements 
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at saturating dTTP concentrations. Therefore, our data are inconsistent with Model 2. Our time 
resolution of 30 ms did not allow us to resolve the steps from AT-rich substrates due to fast 
unwinding. As a result, the current work is unable to test Model 1 that posits that 3-4 AT base 
pairs are unwound per dTTP hydrolyzed. 
The unwinding of several bp in a burst with hidden kinetic steps is reminiscent of the 
spring-loaded mechanism of NS3 helicase 
6
. The simplest explanation for our data is that the 
helicase translocates on DNA one nt per dTTP but strand separation does not occur every 
translocation cycle. Instead, elastic energy accumulates through 2-3 cycles of dTTP hydrolysis 
until 2-3 bp are unwound simultaneously. Alternatively, helicase unwinds one bp per step but the 
unwound strand is not released from the central channel behind the helicase ring at every one bp 
step but only after 2-3 one bp steps. The pause may also be caused by disruption in the normal 
sequential dTTP hydrolysis cycle around the ring. Once the helicase subunits have readjusted 
their nucleotide-states around the ring, the helicase resumes its unwinding steps.  
 Previous structural, ensemble and single-molecule data 
11,49,63
 on T7 helicase suggested a 
sequential dTTP hydrolysis model akin to the staircase model proposed for E1 helicase 
54
 and 
Rho helicase 
55
, with the exception of the step size that is either larger than 1 bp 
11
 or is variable 
depending on the GC content of DNA 
62
. Optical tweezers analysis by Johnson et al could not 
observe unwinding steps directly due to limited resolution (~10 bp) and obtained the step size 
estimate of ~ 2 bp based on mathematical modeling.  In addition, a recent crystal structure report 
of DnaB helicase with ssDNA suggested a 2 bp unwinding step size per ATP hydrolyzed based 
on the occupancy of 2 nt per DNA binding loop 
56
. Available data therefore do not support the 
existence of a universal mechanism of DNA translocation and unwinding applicable to all 
hexameric helicases.   Our single-molecule FRET data provided first direct evidence for a 
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stepping behavior of hexameric helicase during DNA unwinding.  In addition, we observed 
backward movements at lower dTTP concentrations, which indicate that helicase’s forward 
translocation is disrupted when one or more helicase subunits are dTTP unbound at lower dTTP 
concentrations.  If there is sequential hydrolysis of dTTP in a cooperative manner during 
unwinding as the current model 
49,64,65
 suggests, then the dTTP unbound leading subunit of the 
helicase which is involved in pulling the DNA into the ring will perturb the hydrolysis cycle 
which may result in frequent backward movements. 
Based on our data and aforementioned ensemble and single-molecule studies we propose 
the following unwinding model for T7 helicase that may be applicable to other hexameric 
helicases.  T7 helicase binds to ssDNA with high affinity in the presence of dTTP and upon 
dTTP hydrolysis, dTDP release from one nucleotide binding subunit, the corresponding DNA-
binding loop loses contact with a backbone phosphate (Figure 3.16A, steps 1 and 2).  When 
dTTP binds to the subunit, the DNA-binding loop contacts the next base pair to be unwound.  If 
the subsequent base pairs are AT base pairs, they melt rapidly resulting in the structural 
distortion relief in the enzyme which propels the enzyme to move forward (Figure 3.16A, steps 3 
and 4).  This cycle is repeated with successive dTTP hydrolysis and dTDP release events.  
However, when the enzyme encounters GC base pairs, the melting is slower which slows down 
the enzyme, but the wide central channel of the enzyme enables it to move forward on the 
tracking strand without duplex unwinding. After several nucleotide translocation cycles, 2-3 bp 
are unwound in a burst (Figure 3.16B).  A spring-loaded mechanism was also proposed for a 
non-hexameric helicase 
57
 and an RNA exonuclease that can also unwind duplex RNA 
66
. If the 
enzyme’s central channel is narrow, then due to steric constraints within the channel, the DNA-
binding loop will not be able to make contact with the next base pair to be unwound during the 
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slow melting of a GC bp.  As a result, the enzyme will either lose contact with the tracking 
strand and slip backwards or wait for the slow bp melting and then move forward.  This model 
has been proposed for another hexameric helicase, G40P, that has a narrower central channel 
than T7 helicase (unpublished data).  Furthermore, T7 helicase employs a different mode of 
unwinding than the recently proposed mechanism of DnaB helicase.  The non-exponential dwells 
on each pause provide evidence of 2-3 cycles of dTTP hydrolysis before unwinding of 2-3 bp, 
suggesting a coupling ratio (dTTP hydrolyzed/bp unwinding) of ~1.  In contrast, the model 
proposed for DnaB helicase suggests 2 bp are unwound per 1 ATP hydrolysis cycle, hence a 
coupling ratio of 2.  A single round of ATP hydrolysis per unwinding event would result in a 
single exponential distribution (Figure 3.17). 
An alternative model of T7 helicase unwinding suggested by Prof. Smita Patel is the 
following: When dTTP binds to the leading subunit, the DNA-binding loop contacts the next 
base pair to be unwound.  If the junction base pairs are AT base pairs, they melt rapidly resulting 
in the structural distortion relief in the enzyme which propels the enzyme to move forward.  This 
cycle when repeated with successive dTTP hydrolysis and dTDP release events results in DNA 
unwinding with no pausing (burst phase).  However, when the enzyme encounters GC base pairs 
that do not melt rapidly, the leading subunit remains DNA unbound and the normal successive 
cycle of reaction around the ring is disrupted. If dTTP hydrolysis and product release continues 
at the rest of the subunits, resumption of the normal cycle requires readjustment, which results in 
a pause. In general, any out of cycle event that requires readjustment of the sequential DNA-
binding and dTTP hydrolysis reaction around the ring will result in a pause, including dTDP and 
Pi or DNA remaining bound or released earlier. Our results indicate that this happens on an 
average after every 2-3 bp unwinding steps. We do not observe backward slips at high dTTP 
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concentraitons. When the dTTP concentration is high, the subunits remain dTTP bound and 
hence DNA bound waiting for the slow bp melting or readjustment to move forward without 
slipping backward. The non-exponential dwells on each pause provide evidence of 2-3 cycles of 
dTTP hydrolysis before unwinding of 2-3 bp, suggesting a coupling ratio (dTTP hydrolyzed/bp 
unwinding) of ~1.  In contrast, the model proposed for DnaB helicase suggests 2 bp are unwound 
per 1 ATP hydrolysis cycle, hence a coupling ratio of 2.   
At sub-saturating dTTP concentrations, when the DNA binding loop in the dTTP 
unbound leading subunit moves forward to the next backbone phosphate, it has difficulty binding 
it because it cannot readily bind dTTP.  Upon subsequent hydrolysis of dTTP and dTDP release 
in the other subunits, all the DNA-binding loops may become detached from the tracking strand.  
As a result, the enzyme moves backwards and the DNA rezips.  Once a new set of contacts is 
created by the enzyme on the tracking strand, the enzyme can move forward. 
 The backward movements that we observe frequently at low dTTP concentrations 
probably have a different origin from the large (200-1000 bp) helicase back slips observed in 
optical tweezers experiments performed using ATP as the fuel source 
41
 because we observed 
backward movements that are much smaller in extent and the optical tweezers studies did not 
observe backward movements with dTTP only.  Our scheme of calibrating FRET value to the 
number of bp unwound can serve as a powerful tool to study the functions of other helicases.  
Our studies here were performed in the absence of T7 DNA polymerase.  Earlier ensemble 
23
  
and smFRET studies 
67
 have shown that T7 DNA polymerase enhances the unwinding speed of 
the T7 helicase possibly by preventing helicase’s backward movements or not allowing the 
helicase to dissociate from the DNA.  Carrying out the studies mentioned in this report with T7 
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DNA polymerase in the future will be crucial in understanding how other motor proteins can 
modulate the helicase activities. 
3.6 Figures and Tables 
Table 3.1: Sequences of the oligodeoxynucleotides 
 
Name Sequences 
0% GC 5’T30 Cy3 AATTATATTTAAATTTAAATATTAATTAATATATTAATAT 
5' Biotin ATATTAATATATTAATTAATATTTAAATTTAAATATAATTCy5T15 
35% GC 5’T30Cy3 GAGCGGATTACTATACTACATTAGAATTCAGAGTGTAGAG 
5’ Biotin CTCTACACTCTGAATTCTAATGTAGTATAGTAATCCGCTCCy5T15 
48% GC 5’T30 Cy3 ATAGGCATTGCGTATCCGTTAGCCAATGGCATTGCGTATG 
5’Biotin CATACGCAATGCCATTGGCTAACGGATACGCAATGCCTATCy5T15 
50% GC 5’T30 Cy3 ATAAGGCCATTAGCGGTATTCCGGAATTGCCGTAATCGCG 
5’ Biotin CGCGATTACGGCAATTCCGGAATACCGCTAATGGCCTTATCy5T15 
80% GC 5’T30 Cy3 ATGCGCGCGCGTTCCGCGGCATGCCGGCGGTAGCGGCCGC 
5’ Biotin GCGGCCGCTACCGCCGGCATGCCGCGGAACGCGCGCGCATCy5T15    
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Figure 3.1.  Unwinding rate of T7 helicase depends on base pair stability.  A. 40 bp 
DNA with (dT)n tails containing donor (Cy3) and acceptor (Cy5) dyes, bound to a PEG-
coated surface via biotin-neutravidin interaction.  T7 gp4 (50 nM) was loaded on the DNA 
with 2 mM dTTP  and 5 mM EDTA in imaging buffer and incubated for 10 min. After few 
seconds of imaging, the unwinding reaction was initiated by adding 1 mM dTTP and 4 mM 
free Mg
2+
 in imaging buffer at 23  1 oC. B.  Cy3 and Cy5 intensity traces during unwinding 
for one molecule on mixed, 100% AT and 80% GC sequences (top panel); calculated FRET 
efficiency vs. time for the fluorescence intensity traces  (bottom panel). 
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Figure 3.2. Dwell time histograms during unwinding.  The arrows on the FRET traces 
in Figure 1 indicate the intervals at which the dwell times were measured; 50 molecules 
were used to build the histograms. The data is representative of multiple experiments. 
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Figure 3.3.  Dwell time histograms of unwinding time until FRET efficiency reaches 
0.3.  A. FRET traces. B. Dwell time histograms during unwinding.  The arrows on the 
FRET traces indicate the intervals at which the dwell times were measured; 50 molecules 
were used to build the histograms. The data is representative of multiple experiments. 
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Figure 3.4.  Unwinding time and rate vs. base pair stability Plot.  The red circles 
represent the unwinding time and the blue triangles represent the unwinding rate.  Five 
sequences were used to plot the graph (see Table 3.1).  
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C  
  
Figure 3.5.  Calibration of the number of base pairs unwound to FRET.  A.  DNA 
construct.  B.  Representative calculated FRET efficiency vs. time traces for 10 AT-30 
GC substrate.  T7 helicase unwinds the AT-rich regions faster than it unwinds the GC-
rich regions; this is indicated by the sudden drop to 0.3 FRET followed by a gradual 
decrease to the lowest FRET value. C.  FRET histogram.  The arrows indicate the region 
of the FRET values used to build histogram; > 50 molecules were used to build the 
histogram.  The histogram peaks at 0.3 FRET. 
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Figure 3.6. Unwinding of T7 helicase on high GC content substrates to determine 
the step size.  A. DNA sequences. B. Representative FRET traces.  A step finding 
algorithm was used to measure FRET values and dwell times of each pause for a single 
molecule.  Three sequences with different GC content (from top to bottom: 48, 50 and 
80%) were used for analysis.  The step size was measured by counting the number of 
steps (n) until FRET reaches a value of 0.3 and then dividing 10 by n.  C. Histogram of 
number of steps during unwinding.  
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Figure 3.7.  Step size analysis of T7 helicase. A. FRET histograms during unwinding.  
More than 50 molecules were used to build the histograms. B. FRET values obtained 
from >50 molecules from each substrate were combined to make the transition density 
plot (TDP).   
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Figure 3.8.  Dwell time histograms of pauses.  The distributions were fit to a gamma 
distribution.  More than 50 molecules were used to build the histograms. 
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Figure 3.9.  Plots of Unwinding of T7 helicase with low dTTP concentrations.  A. 
Percentage of unwound molecules as a function of dTTP concentration. B. Unwinding 
time (as described above) at varying dTTP concentrations.   
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Figure 3.10. Unwinding of T7 helicase at lower dTTP concentration.   A.  
Representative FRET trace at 100 M dTTP on a 80% GC substrate.  A step finding 
algorithm was used to measure FRET values and dwell times of each pause for a single 
molecule. B. Gamma distribution fitting of the collected dwell times at each pause for 
>50 molecules. 
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Figure 3.11. Backward movements during unwinding at 100 M dTTP.  A.  Cy3 and 
Cy5 intensity traces during unwinding on 80% GC sequence depicting backward 
movements by the T7 helicase during unwinding (left panel), the lines indicate the areas 
picked for calculating cross correlation; calculated FRET efficiency vs. time for the 
fluorescence intensity trace (middle panel); cross correlation curves for individual traces 
(right panel); the smoothed curves that were used for cross correlation analysis are 
depicted in blue (see Methods).  
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Figure 3.12.  Plot of percentage of backward movements as a function of dTTP 
concentration. 
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Figure 3.13.  Average cross correlation curve.  50 molecules were used to build the 
curve. 
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Figure 3.14.  More representative traces of backward movements at 100 M dTTP.    
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Figure 3.15.  Control experiments with 1 mM dTTP to demonstrate that backward 
movements only occur at lower dTTP concentrations. A. 1 mM dTTP sample traces 
(left and middle panel); cross correlation curves for individual traces; smoothed curves 
that were use for cross correlation analysis are depicted in blue. B.  Average cross 
correlation curve.   
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Figure 3.16.  T7 helicase unwinding model. A. dsDNA unwinding of AT bp.  DNA-
binding loop is released from the rear-most position on DNA upon dTDP release.  Next, 
dTTP binds to the released loop which binds the DNA at the foremost position.  The fast 
melting of AT bp enables the enzyme to move forward. B. dsDNA unwinding of GC bp.  
Slow melting of GC bp slows down the enzyme but its wide central channel allows it to 
move forward and unwind 2-3 bp in burst.  C. dsDNA unwinding at low dTTP 
concentrations.  Due to the dTTP unbound subunit, the DNA-binding loop does not 
readily bind to the DNA.  Subsequent dTTP hydrolysis and dTDP release in other 
subunits leads to the detachment of all the DNA-binding loops and backward movements 
by the enzyme.          
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Figure 3.17.  Simulated unwinding trace of DnaB helicase.  A. Unwinding trace of 
DnaB helicase showing 2 bp unwinding step size per one ATP hydrolysis event. B. Dwell 
time histogram of pause durations.  A single ATP hydrolysis event will show a single 
exponential distribution.  
 
 
 
 
C
o
u
n
t
Dwell time (sec)
F
R
E
T
Time (sec)
2 bp / 1 ATP
2 bp / 1 ATP
2 bp / 1 ATP
A B
89 
 
3.7 References 
 
1. O'Donnell, M. Replisome Architecture and Dynamics in Escherichia coli. J Biol Chem 
281, 10653-10656, doi:10.1074/jbc.R500028200 (2006). 
2. Patel, S. S., Rosenberg, A. H., Studier, F. W. & Johnson, K. A. Large scale purification 
and biochemical characterization of T7 primase/helicase proteins. Evidence for 
homodimer and heterodimer formation. J Biol Chem 267, 15013-15021 (1992). 
3. Roy, R., Hohng, S. & Ha, T. A practical guide to single-molecule FRET. Nat Methods 5, 
507-516, doi:nmeth.1208 [pii]10.1038/nmeth.1208 (2008). 
4. Ha, T. et al. Initiation and reinitiation of DNA unwinding by the Escherichia coli Rep 
helicase. Nature 419, 638-641 (2002). 
5. Kerssemakers, J. W. et al. Assembly dynamics of microtubules at molecular resolution. 
Nature 442, 709-712, doi:nature04928 [pii]10.1038/nature04928 (2006). 
6. Myong, S., Bruno, M. M., Pyle, A. M. & Ha, T. Spring-loaded mechanism of DNA 
unwinding by hepatitis C virus NS3 helicase. Science 317, 513-516 (2007). 
7. McKinney, S. A., Joo, C. & Ha, T. Analysis of Single-Molecule FRET Trajectories 
Using Hidden Markov Modeling. Biophys J 91, 1941-1951 (2006). 
8. Patel, S. S. & Picha, K. M. Structure and function of hexameric helicases. Annu Rev 
Biochem 69, 651-697, doi:69/1/651 [pii]10.1146/annurev.biochem.69.1.651 (2000). 
9. Lohman, T. M. & Bjornson, K. P. Mechanisms of helicase-catalyzed DNA unwinding. 
Annual Review of Biochemistry 65, 169-214 (1996). 
10. Donmez, I., Rajagopal, V., Jeong, Y. J. & Patel, S. S. Nucleic acid unwinding by 
hepatitis C virus and bacteriophage t7 helicases is sensitive to base pair stability. J Biol 
Chem 282, 21116-21123, doi:M702136200 [pii]10.1074/jbc.M702136200 (2007). 
11. Johnson, D. S., Bai, L., Smith, B. Y., Patel, S. S. & Wang, M. D. Single-molecule studies 
reveal dynamics of DNA unwinding by the ring-shaped T7 helicase. Cell 129, 1299-
1309, doi:S0092-8674(07)00584-3 [pii]10.1016/j.cell.2007.04.038 (2007). 
12. Cheng, W., Dumont, S., Tinoco, I., Jr. & Bustamante, C. NS3 helicase actively separates 
RNA strands and senses sequence barriers ahead of the opening fork. Proc Natl Acad Sci 
U S A 104, 13954-13959, doi:0702315104 [pii]10.1073/pnas.0702315104 (2007). 
13. Betterton, M. D. & Julicher, F. Opening of nucleic-acid double strands by helicases: 
active versus passive opening. Phys Rev E Stat Nonlin Soft Matter Phys 71, 011904 
(2005). 
14. von Hippel, P. H. & Delagouette, E. A general model for nucleic acid helicases and their 
"coupling" within macromolecular machines. Cell 104, 177-190 (2001). 
15. Richardson, C. C. Bacteriophage T7: minimal requirements for the replication of a 
duplex DNA molecule. Cell 33, 315-317, doi:0092-8674(83)90411-7 [pii] (1983). 
90 
 
16. Patel, S. S. & Hingorani, M. M. Oligomeric structure of bacteriophage T7 DNA 
primase/helicase proteins. J Biol Chem 268, 10668-10675 (1993). 
17. Egelman, E. H., Yu, X., Wild, R., Hingorani, M. M. & Patel, S. S. Bacteriophage T7 
helicase/primase proteins form rings around single-stranded DNA that suggest a general 
structure for hexameric helicases. Proc Natl Acad Sci U S A 92, 3869-3873 (1995). 
18. Donmez, I. & Patel, S. S. Mechanisms of a ring shaped helicase. Nucleic Acids Res 34, 
4216-4224, doi:gkl508 [pii]10.1093/nar/gkl508 (2006). 
19. Ahnert, P. & Patel, S. S. Asymmetric interactions of hexameric bacteriophage T7 DNA 
helicase with the 5'- and 3'-tails of the forked DNA substrate. J Biol Chem 272, 32267-
32273 (1997). 
20. Hacker, K. J. & Johnson, K. A. A Hexameric Helicase Encircles One DNA Strand and 
Excludes the Other During DNA Unwinding. Biochemistry 36, 14080-14087 (1997). 
21. Jezewska, M. J., Rajendran, S., Bujalowska, D. & Bujalowski, W. Does single-stranded 
DNA pass through the inner channel of the protein hexamer in the complex with the 
Escherichia coli DnaB Helicase? Fluorescence energy transfer studies. J Biol Chem 273, 
10515-10529 (1998). 
22. Kaplan, D. L. & O'Donnell, M. DnaB drives DNA branch migration and dislodges 
proteins while encircling two DNA strands. Mol Cell 10, 647-657. (2002). 
23. Stano, N. M. et al. DNA synthesis provides the driving force to accelerate DNA 
unwinding by a helicase. Nature 435, 370-373 (2005). 
24. Jeong, Y. J., Levin, M. K. & Patel, S. S. The DNA-unwinding mechanism of the ring 
helicase of bacteriophage T7. Proc Natl Acad Sci U S A 101, 7264-7269, 
doi:10.1073/pnas.04003721010400372101 [pii] (2004). 
25. Park, J. et al. PcrA helicase dismantles RecA filaments by reeling in DNA in uniform 
steps. Cell 142, 544-555, doi:S0092-8674(10)00785-3 [pii]10.1016/j.cell.2010.07.016 
(2010). 
26. Ha, T. et al. Probing the interaction between two single molecules: fluorescence 
resonance energy transfer between a single donor and a single acceptor. Proceedings of 
the National Academy of Sciences 93, 6264-6268 (1996). 
27. Bianco, P. R. et al. Processive translocation and DN A unwinding by individual RecBCD 
enzyme molecules. Nature 409, 374-378 (2001). 
28. Spies, M. et al. A molecular throttle: the recombination hotspot chi controls DNA 
translocation by the RecBCD helicase. Cell 114, 647-654 (2003). 
29. Dohoney, K. M. & Gelles, J. Chi-Sequence recognition and DNA translocation by single 
RecBCD helicase/nuclease molecules. Nature 409, 370-374 (2001). 
30. Perkins, T. T., Li, H. W., Dalal, R. V., Gelles, J. & Block, S. M. Forward and reverse 
motion of single RecBCD molecules on DNA. Biophys J 86, 1640-1648 (2004). 
91 
 
31. Dessinges, M. N., Lionnet, T., Xi, X. G., Bensimon, D. & Croquette, V. Single-molecule 
assay reveals strand switching and enhanced processivity of UvrD. Proc Natl Acad Sci U 
S A 101, 6439-6444 (2004). 
32. Lionnet, T., Spiering, M. M., Benkovic, S. J., Bensimon, D. & Croquette, V. Real-time 
observation of bacteriophage T4 gp41 helicase reveals an unwinding mechanism. Proc 
Natl Acad Sci U S A 104, 19790-19795, doi:0709793104 [pii]10.1073/pnas.0709793104 
(2007). 
33. Manosas, M., Spiering, M. M., Zhuang, Z., Benkovic, S. J. & Croquette, V. Coupling 
DNA unwinding activity with primer synthesis in the bacteriophage T4 primosome. Nat 
Chem Biol 5, 904-912, doi:nchembio.236 [pii]10.1038/nchembio.236 (2009). 
34. Manosas, M., Xi, X. G., Bensimon, D. & Croquette, V. Active and passive mechanisms 
of helicases. Nucleic Acids Res 38, 5518-5526, doi:gkq273 [pii]10.1093/nar/gkq273 
(2010). 
35. Dumont, S. et al. RNA translocation and unwinding mechanism of HCV NS3 helicase 
and its coordination by ATP. Nature 439, 105-108 (2006). 
36. Sun, B. et al. Impediment of E. coli UvrD by DNA-destabilizing force reveals a strained-
inchworm mechanism of DNA unwinding. EMBO J 27, 3279-3287, doi:emboj2008240 
[pii]10.1038/emboj.2008.240 (2008). 
37. Myong, S. et al. Cytosolic viral sensor RIG-I is a 5'-triphosphate-dependent translocase 
on double-stranded RNA. Science 323, 1070-1074 (2009). 
38. Honda, M., Park, J., Pugh, R. A., Ha, T. & Spies, M. Single-molecule analysis reveals 
differential effect of ssDNA-binding proteins on DNA translocation by XPD helicase. 
Mol Cell 35, 694-703, doi:S1097-2765(09)00477-8 [pii]10.1016/j.molcel.2009.07.003 
(2009). 
39. Myong, S., Rasnik, I., Joo, C., Lohman, T. M. & Ha, T. Repetitive shuttling of a motor 
protein on DNA. Nature 437, 1321-1325 (2005). 
40. Karunatilaka, K. S., Solem, A., Pyle, A. M. & Rueda, D. Single-molecule analysis of 
Mss116-mediated group II intron folding. Nature 467, 935-939, doi:nature09422 
[pii]10.1038/nature09422 (2010). 
41. Sun, B. et al. ATP-induced helicase slippage reveals highly coordinated subunits. Nature 
478, 132-
135,doi:http://www.nature.com/nature/journal/v478/n7367/abs/nature10409.html#supple
menary-information (2011). 
42. Cheng, W., Arunajadai, S. G., Moffitt, J. R., Tinoco, I. & Bustamante, C. Single–Base 
Pair Unwinding and Asynchronous RNA Release by the Hepatitis C Virus NS3 Helicase. 
Science 333, 1746-1749, doi:10.1126/science.1206023 (2011). 
43. Fili, N. et al. Visualizing helicases unwinding DNA at the single molecule level. Nucleic 
Acids Research 38, 4448-4457, doi:10.1093/nar/gkq173 (2010). 
92 
 
44. Sun, Y. et al. The eukaryotic initiation factor eIF4H facilitates loop-binding, repetitive 
RNA unwinding by the eIF4A DEAD-box helicase. Nucleic Acids Research, 
doi:10.1093/nar/gks278 (2012). 
45. Henn, A. et al. Visualization of unwinding activity of duplex RNA by DbpA, a DEAD 
box helicase, at single-molecule resolution by atomic force microscopy. Proceedings of 
the National Academy of Sciences 98, 5007-5012, doi:10.1073/pnas.071372498 (2001). 
46. Jong-Bong, L. et al. DNA primase acts as a molecular brake in DNA replication. Nature 
439, 621-624, doi:10.1038/nature04317 (2006). 
47. Hamdan, S. M., Loparo, J. J., Takahashi, M., Richardson, C. C. & van Oijen, A. M. 
Dynamics of DNA replication loops reveal temporal control of lagging-strand synthesis. 
Nature 457, 336-339 (2009). 
48. Yu, J., Cheng, W., Bustamante, C. & Oster, G. Coupling Translocation with Nucleic 
Acid Unwinding by NS3 Helicase. Journal of Molecular Biology 404, 439-455, 
doi:http://dx.doi.org/10.1016/j.jmb.2010.09.047 (2010). 
49. Singleton, M. R., Sawaya, M. R., Ellenberger, T. & Wigley, D. B. Crystal structure of T7 
gene 4 ring helicase indicates a mechanism for sequential hydrolysis of nucleotides. Cell 
101, 589-600 (2000). 
50. Bailey, S., Eliason, W. K. & Steitz, T. A. Structure of hexameric DnaB helicase and its 
complex with a domain of DnaG primase. Science 318, 459-463, doi:318/5849/459 
[pii]10.1126/science.1147353 (2007). 
51. Wang, G. et al. The structure of a DnaB-family replicative helicase and its interactions 
with primase. Nat Struct Mol Biol 15, 94-100, doi:nsmb1356 [pii]10.1038/nsmb1356 
(2008). 
52. Li, D. et al. Structure of the replicative helicase of the oncoprotein SV40 large tumour 
antigen. Nature 423, 512-518 (2003). 
53. Gai, D., Zhao, R., Li, D., Finkielstein, C. V. & Chen, X. S. Mechanisms of 
conformational change for a replicative hexameric helicase of SV40 large tumor antigen. 
Cell 119, 47-60, doi:10.1016/j.cell.2004.09.017S0092867404008906 [pii] (2004). 
54. Enemark, E. J. & Joshua-Tor, L. Mechanism of DNA translocation in a replicative 
hexameric helicase. Nature 442, 270-275, doi:nature04943 [pii]10.1038/nature04943 
(2006). 
55. Thomsen, N. D. & Berger, J. M. Running in reverse: the structural basis for translocation 
polarity in hexameric helicases. Cell 139, 523-534, doi:S0092-8674(09)01117-9 
[pii]10.1016/j.cell.2009.08.043 (2009). 
56. Itsathitphaisarn, O., Wing, Richard A., Eliason, William K., Wang, J. & Steitz, 
Thomas A. The Hexameric Helicase DnaB Adopts a Nonplanar Conformation during 
Translocation. Cell 151, 267-277, doi:10.1016/j.cell.2012.09.014 (2012). 
93 
 
57. Myong, S., Bruno, M. M., Pyle, A. M. & Ha, T. Spring-Loaded Mechanism of DNA 
Unwinding by Hepatitis C Virus NS3 Helicase. Science 317, 513-516, 
doi:10.1126/science.1144130 (2007). 
58. Yodh, J. G., Stevens, B. C., Kanagaraj, R., Janscak, P. & Ha, T. BLM helicase measures 
DNA unwound before switching strands and hRPA promotes unwinding reinitiation. 
EMBO J 28, 405-416, 
doi:http://www.nature.com/emboj/journal/v28/n4/suppinfo/emboj2008298a_S1.html 
(2009). 
59. Ha, T. et al. Initiation and re-initiation of DNA unwinding by the Escherichia coli Rep 
helicase. Nature 419, 638-641, 
doi:http://www.nature.com/nature/journal/v419/n6907/suppinfo/nature01083_S1.html 
(2002). 
60. Breslauer, K. J., Frank, R., Blöcker, H. & Marky, L. A. Predicting DNA duplex stability 
from the base sequence. Proceedings of the National Academy of Sciences 83, 3746-3750 
(1986). 
61. SantaLucia, J. A unified view of polymer, dumbbell, and oligonucleotide DNA nearest-
neighbor thermodynamics. Proceedings of the National Academy of Sciences 95, 1460-
1465 (1998). 
62. Donmez, I. & Patel, S. S. Coupling of DNA unwinding to nucleotide hydrolysis in a ring-
shaped helicase. EMBO J 27, 1718-1726, doi:emboj2008100 
[pii]10.1038/emboj.2008.100 (2008). 
63. Liao, J. C., Jeong, Y. J., Kim, D. E., Patel, S. S. & Oster, G. Mechanochemistry of t7 
DNA helicase. J Mol Biol 350, 452-475, doi:S0022-2836(05)00485-7 
[pii]10.1016/j.jmb.2005.04.051 (2005). 
64. Crampton, D. J., Mukherjee, S. & Richardson, C. C. DNA-Induced Switch from 
Independent to Sequential dTTP Hydrolysis in the Bacteriophage T7 DNA Helicase. 
Molecular Cell 21, 165-174, doi:http://dx.doi.org/10.1016/j.molcel.2005.11.027 (2006). 
65. Liao, J.-C., Jeong, Y.-J., Kim, D.-E., Patel, S. S. & Oster, G. Mechanochemistry of T7 
DNA Helicase. Journal of Molecular Biology 350, 452-475, 
doi:http://dx.doi.org/10.1016/j.jmb.2005.04.051 (2005). 
66. Lee, G., Bratkowski, M. A., Ding, F., Ke, A. & Ha, T. Elastic Coupling Between RNA 
Degradation and Unwinding by an Exoribonuclease. Science 336, 1726-1729, 
doi:10.1126/science.1216848 (2012). 
67. Pandey, M. et al. Coordinating DNA replication by means of priming loop and 
differential synthesis rate. Nature 462, 940-943, doi:nature08611 
[pii]10.1038/nature08611 (2009). 
 
 
 
94 
 
CHAPTER 4 
SV40 LARGE T-ANTIGEN UNWINDING STUDY 
4.1 Abstract 
 Large T-Antigen (L-tag) serves as a model protein to study eukaryotic replication 
because it is a functional homolog of the eukaryotic MCM complex (1) and it replicates viral 
genome in eukaryotic cells.  It is part of the AAA+ family of helicases.  L-tag is an oncoprotein 
encoded by polyomaviruses that is essential in replicating the viral DNA.  While other helicases 
require initiator proteins to recruit onto DNA, L-tag can bind and assemble into a double 
hexamer on the DNA without any additional cofactors and thereafter melt and unwind DNA to 
form a replication fork in a 3’ to 5’ direction using the energy from ATP hydrolysis (2).  
Therefore, it is easy to reconstitute the replication machinery of this system.  The details of 
assembly, melting and unwinding are still not well understood.  To probe the unwinding activity 
of L-tag, we applied smFRET methods on fork substrates like we did for the T7 helicase to gain 
detailed insights into its unwinding mechanism. 
4.2 Materials and Methods 
Protein, DNA Substrates and Annealing 
  L-tag protein was purification and site-directed mutagenesis to make mutant proteins 
were performed in Prof. Xiaojiang Chen’s lab by Jessica Yu.  DNA strands (Table 4.1) were 
purchased from Integrated DNA Technologies (Coralville,
 
IA).  Attachment of biotin at the 5’ 
end was done during DNA synthesis.  Cy3 NHS-ester and Cy5 NHS-ester (GE Healthcare) were 
conjugated to an internal dT of single-stranded DNA strands via a C6 amino linker.  Cy5 strand 
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for DNA substrates was backbone-labeled using phosphoramidite chemistry at IDT.  DNA 
strands (5 M final concentration) were annealed by heating complementary strands in T50 
buffer (10 mM Tris, 50 mM NaCl, pH 7.5) to 90 
o
C for 5 min and slowly cooling for 2-3 h to 
room temperature. 
Single Molecule Spectroscopy 
The Cy3 and Cy5 labeled fork substrates attached to surface were imaged using a wide-
field total-internal-reflection fluorescence microscope with 30-ms time resolution with an 
electron multiplying CCD camera (iXon DV 887-BI, Andor Technology).  The fluorescence 
signals from donor and acceptor molecules were recorded using homemade software written in 
Visual C++.  Single-molecule traces were obtained from the recorded video file by using a script 
written in IDL (Research Systems, Boulder, CO).  FRET values were calculated as the ratio 
between the acceptor intensity and the total (acceptor + donor) intensity after correcting for 
cross-talk between the donor and acceptor channels and subtracting the background using scripts 
written in Matlab. 
Single Molecule Unwinding Measurements of T7 Helicase 
A quartz microscope slide (Finkenbeiner) and cover slip were coated with 
polyethyleneglycol (m-PEG-SC-5000, Laysan Bio Inc.) to reject nonspecific binding of proteins, 
and biotinylated-PEG (biotin-PEG-SC-5000, Laysan Bio Inc.).  A flow chamber for the single 
molecule measurements was assembled as follows.  After the assembly of coverslip and quartz 
slide, a syringe was attached to an outlet hole on the quartz slide through a tubing.  All the 
solution exchanges mentioned below were done by putting the solution (0.1 ml) in a pipette tip 
and affixing it in the inlet hole followed by pulling the syringe.  The solutions were added in the 
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following order.  Neutravidin (0.2 mg/ml, Pierce) was applied to the surface and washed away 
with T50 buffer (10 mM Tris, 50 mM NaCl, pH 7.5).  Biotinylated DNA (~50 to 100 pM) in T50 
buffer was added and washed away with imaging buffer (10 mM Tris, 50 mM NaCl, 0.1 mg/ml 
Glucose Oxidase (Sigma), 0.02 mg/ml Catalase (Roche) , 0.8% dextrose, and Trolox, pH 7.5). 
Next, L-tag (100 nM hexamer) was loaded on the DNA with 1-2 mM ATP and 10 mM Mg (II) in 
imaging buffer to initiate the unwinding reaction.  Measurements with L-tag 131 and L-tag were 
done at room temperature (23  1 oC).  All the doping experiments were done at 37 oC. 
Data Analysis 
The unwinding time was calculated as follows:  The initiation of FRET decrease and its 
saturation at the lowest FRET value were scored via visual inspection of the donor and acceptor 
intensities, and the time difference between the two points was assigned as the unwinding time of 
each reaction.  The assembly time was calculated as follows: The start time was taken 1 second 
after the injection of protein and the end time was taken at the point when FRET starts to 
decrease, indicating initiation of unwinding.  This was also scored via visual inspection.   
4.3 Introduction  
Simian virus 40 (SV40) Large Tumor antigen (L-Tag) is an AAA+ hexameric helicase 
that is essential for viral DNA replication in mammalian cells (3-5).  It is an oncoprotein that 
transforms cells and causes tumors by changing the functions of p53 and pRB genes and other 
crucial proteins (1).  L-tag can bind and assemble into a double hexamer on the DNA without 
any additional cofactors and thereafter melt and unwind DNA to form a replication fork in a 3’ to 
5’ direction using the energy from ATP hydrolysis (6-7).  L-tag structure contains three domains: 
(1) J-domain, (2) The Origin Binding Domain (OBD), and (3) helicase domain (Figure 4.1).  The 
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J-domain is not required for in vitro DNA replication (2), hence it was not used for any of the 
experiments performed in this study.  The OBD is responsible for sequence specific binding of 
the helicase to the origin binding sequence on the DNA.  The SV40 origin binding sequence is 
64 bp and can be divided into two halves (Figure 4.2a) (8-9).  Each half contains two 5’-GAGGC 
pentanucleotides and an AT-rich (AT) and an early palindrome (EP) region (Figure 4.2).  The L-
tag double hexamer covers about 70 bp of dsDNA (Figure 4.2b).  The helicase domain consists 
of a Zn-domain and a AAA+ domain and it starts from residue 261 (Figure 4.1).  The function of 
the Zn-domain is to enable hexamerization of L-tag (1).  The AAA+ domain is the ATPase 
domain of the helicase that is responsible for using the energy from ATP hydrolysis to 
translocate and/or unwinding on DNA.             
The crystal structures of L-tag were solved with and without ATP in the absence of the 
OBD (1-2).  The structure without ATP contained residues 251-627, which was shown to have 
helicase activity on fork substrates (2).  The OBD begins from residue 131.  Hence, L-tag 131-
627 is sufficient for in vitro DNA unwinding.  The six subunits of L-tag have six active sites for 
ATP binding and hydrolysis (Figure 4.3) (2).   
 In the present study, we investigated the unwinding activity of L-tag on fork substrates 
using smFRET methods.  We performed experiments on L-tag 131 (with OBD) and L-tag 261 
(helicase only) to characterize their unwinding activities and to determine if they employ distinct 
mechanism of unwinding and assembly onto DNA.  An important characteristic in elucidating 
the translocation and unwinding mechanisms of ring helicases is how the subunits of these 
enzymes are coordinated during ATP hydrolysis cycles as they move on ss/dsDNA.  E1 was 
shown to utilize a sequential ATP hydrolysis mechanism during ssDNA translocation where 
individual subunits hydrolyze ATP one at a time (14).  For L-tag, it has been proposed that it 
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utilizes a concerted ATP hydrolysis mechanism where all the subunits hydrolyze ATP 
simultaneously (2).  The concerted model has only been proposed for L-tag, contrary to other 
hexameric proteins like MCM, T7gp4, E1 and ClpX.  Biochemical data of MCM has shown no 
evidence of subunit coordination for ATP hydrolysis (10).  Crystal structure and biochemical 
data of T7 gp4 has shown a fully coordinated dTTP hydrolysis mechanism in sequential manner 
(11-13).  The crystal structure of E1 has shown that all of its -hairpin subunits contact ssDNA 
in a helical manner and hence utilize the sequential ATP hydrolysis mechanism for ssDNA 
translocation (14).  A random mode for ATP hydrolysis was proposed for Clpx1 (15).  To 
address this question, we performed experiments using L-tag proteins that are deficient in their 
ATPase and DNA binding activities at different ratios with the wild type L-tag.  To further 
understand subunit coordination during unwinding, we performed experiments with ATPγS, the 
non-hydrolyzable analog of ATP. 
4.4 Data 
L-tag unwinding of fork substrates 
We probed the unwinding activity of L-tag using smFRET.  The unwinding substrate 
(Fk34-T60) used for our study is illustrated in Figure 4a.  The single molecule nature of the 
signal is achieved by adding the enzyme with ATP and Mg
2+
on the surface-tethered DNA.  As 
unwinding proceeds, the time averaged distance between the fluorophores increases, resulting in 
FRET decrease.  Upon complete separation, the donor-labeled strand leaves the imaging surface, 
terminating the fluorescence signal.  We found that L-tag can unwind a fork DNA substrate very 
efficiently.  Approximately 90% of the total high FRET molecules show unwinding behavior.  
Interestingly, ~60% of the molecules that show unwinding unwind in a repetitive manner, while 
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~40% of the molecules display a monotonic behavior (Figure 4.4b and 4.4c).  Experiments were 
also performed on substrate with a shorter 3’ tail (dT35).  The results were similar between the 
two constructs. 
We carried out unwinding experiments on two different constructs, L-tag 260 and L-tag 
131 in order to characterize the differences in the unwinding activities at the single molecule 
level between these constructs.  OBD is the DNA binding domain of the helicase that binds to 
the origin sequence of the viral genome.  It is required for the initial process of melting the origin 
sequence, though not required for unwinding fork DNAs (8).  The helicase domain is required 
for the unwinding of duplex DNA and the J-domain, which presumably plays a role in in vivo 
DNA replication, is not required for in vitro DNA replication.  Because the full-length L-tag 
(residues 1-708) is difficult to purify, the in vitro studies done are performed with shorter 
constructs, mainly starting from residue 131.  Figure 4 shows representative traces from data 
obtained with L-tag 131.   
To quantify the difference in the unwinding behavior, we measured the unwinding time 
from high to low FRET (Figure 4.5a) and plotted the times as histograms (Figure 4.5b).  The 
helicase only construct (L-tag 260) unwinds two times faster than the constructs with the OBD.  
To determine if the difference in the unwinding behavior is a result of how the two constructs 
assemble on the DNA, we measured the assembly time by measuring the time when helicase was 
added with ATP and Mg
2+ 
until the helicase starts to unwind (or when FRET first starts to 
decrease).  We plotted the assembly time of these constructs as histograms (Figure 4.6).  Our 
analysis shows that the assembly time of L-tag 131 is more than 2 fold faster than the assembly 
time of L-tag 260.  Although L-tag 260 unwinds the DNA faster, the total unwinding event time 
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(assembly time + unwinding time) is faster for L-tag 131.  This suggests that the OBD is plays a 
pivotal role in efficient unwinding of dsDNA by L-tag.   
L-tag unwinding on fork substrates with lower ATP concentrations 
 To determine the step size of the helicase, we performed experiments under sub-
saturating ATP concentrations.  Lower ATP concentrations should slow down the helicase and 
enable us to see steps during unwinding.  However, we found that at concentrations 100 µM and 
lower, the unwinding yield drops significantly (Table 4.2).  Furthermore, the helicase does not 
exhibit steppy unwinding behavior like T7 helicase.   
L-tag unwinding on an alternative DNA substrate 
 To confirm that repetitive unwinding behavior is not a result of fluorescent dyes 
perturbing the helicase activity, we designed a construct with both Cy3 and Cy5 dyes on the non-
tracking strand (FK34-T60_1) (Figure 4.7a).  A partial duplex DNA was used with a 3’ dT60 
overhang.  Cy3 was introduced 2 bp away from the 5’ end in order to internally label the DNA 
(see Material and Methods).  Cy3 was introduced 22 bases downstream of Cy5 and was 
backbone-labeled using phosphoramidite chemistry (Figure 4.7a).  Due to coiling of ssDNA after 
unwinding, a FRET increase signal will be observed.  However, the unwinding yield decreased 
from 90% to 10% using this construct.  The low yield may have been due to the absence of a 5’ 
tail.  Hence, we designed a new construct with a 5’ dT15 tail (Fk34-T60_2) (Figure 4.7b).  We 
found that L-tag can unwind this construct efficiently.  The unwinding yield was ~80%, with 
~34% showing monotonic unwinding behavior and 66% showing repetitive unwinding behavior 
(Figure 4.7c).  Our results confirm that repetitive unwinding is an intrinsic property of L-tag.  
Furthermore, a 5’ tail is required for efficient unwinding of L-tag.   
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L-tag doping experiments 
 To understand subunit coordination of L-tag during ATP hydrolysis/unwinding, we 
employed the ‘doping’ method.  In this method, non-catalytic mutants are titrated with wild type 
(WT) protein, and the unwinding activity of the resulting helicase complex is measured.  Two 
mutants were made by Jessica Yu in Prof. Chen’s lab.  One is called the ‘tri-cis’ mutant in which 
three cis residues (cT434A/cD474A/cN529A) surrounding the ATPase pocket were mutated.  
This mutant cannot hydrolyze ATP.  The second mutant is called the ‘-hairpin’ mutant which 
has mutations on the -hairpin tip residues, K512A/H513A, in the central channel of the 
helicase.  These two residues interact with DNA and also play a role in unwinding but do not 
disrupt the ATPase activity (16-18). 
   We first performed smFRET experiments with the tri-cis mutant on the substrate 
illustrated in Figure 4a with a wide range of ratios of wild type and mutant (WT:MT) (Figure 
4.8a).  We used 2 mM ATP and 10 mM Mg
2+
 for these experiments.  The doping experiments 
with tri-cis mutant showed three types of traces: monotonic, repetitive and FRET change (Figure 
4.8b).  Because FRET change traces occur upon binding of L-tag to DNA shown by our control 
experiments without ATP, we excluded these traces when analyzing the unwinding percentage 
for each set of ratio.  We plotted the results of our experiments (Figure 4.9a).  We performed 
experiments with the same set of ratios with the -hairpin mutant.  We also analyzed the 
unwinding percentage in a similar manner and plotted the results  
(Figure 4.9b). 
 In order to fit our data into a particular model that displays the level of coordination of 
subunits, Jessica Yu performed the fitting of the two sets of data.  The following modes exist for 
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ATP hydrolysis.  In the so-called ‘random mode’, each subunit hydrolysis ATP independently of 
other subunits.  In addition, no coordination exists between subunits and ATPase activity 
decreases linearly as the ratio of WT:MT subunits decreases.  In the so-called ‘full coordination 
mode’, ATP hydrolysis by one subunit is dependent on all other subunits and can only occur 
when all the subunits are WT.  ATPase activity in this mode decreases exponentially as the ratio 
of WT:MT decreases.  The modes described above are extreme cases and helicases can utilize 
modes that exist in between these cases.  The fittings of our data are displayed in Figure 4.10.  
The -hairpin mutant data was fit into the semi-coordinated mode which is in agreement with the 
data obtained by Jessica Yu using biochemical methods.  The tri-cis data could not be fit into any 
of the modes; however, it lies between random and semi-coordinated modes.          
ATPγS experiments 
 To further understand subunit coordination of L-tag during unwinding, we performed 
experiments with a mixture of ATPγS and ATP at a wide range of ratios (Figure 4.11a).  The 
final concentration of ATP + ATPγS was kept at 1 mM.  Like the doping experiments, three 
types of unwinding traces were seen.  Therefore, we analyzed the data in the same way as the 
doping experiments and plotted the results (Figure 4.11b).  The data shows some level of 
coordination but could not be fit into the full-coordinated mode (Figure 4.12).  
4.5 Conclusion 
We have developed a robust smFRET assay to investigate the unwinding mechanism of 
L-tag.  Our results have demonstrated that L-tag can unwind fork substrates very efficiently.  
Moreover, our experiments with different types of fork substrates have shown that repetitive 
unwinding is an intrinsic property of this enzyme.  Repetitive unwinding could result from the 
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helicase backtracking during unwinding by losing its grip on the DNA followed by reannealing 
of DNA.  Once the enzyme regains its grip on the DNA it starts to unwind.  This cycle can be 
repeated multiple times.  Furthermore, our results clearly show the importance of the OBD in 
ensuring efficient unwinding of DNA.  Because the assembly time was faster with the construct 
containing the OBD, we can infer that OBD assists the helicase in assembling on the DNA 
regardless of the sequence composition of the DNA.  OBD is known to recognize the origin 
binding sequence on DNA, but it probably aids the enzyme in binding to DNA non-specifically.  
Moreover, our results demonstrate that a 5’ tail is essential for the helicase to unwind DNA.  The 
exact mechanism of how the 5’ tail ensures proper assembly and unwinding of helicase is not 
clear.  T7 helicase also requires a 3’ tail (on the non-tracking strand) to unwind DNA.   
Our doping and ATPγS have shed some insight into the subunit coordination during ATP 
hydrolysis when unwinding DNA.  Our results reveal that there is subunit coordination during 
DNA unwinding, but whether the ATP hydrolysis cycle is concerted or sequential could not be 
discerned from our smFRET data.  Our data also did not reveal specific pauses during unwinding 
which makes it difficult to quantify the effect of ATPγS poisoning at different concentrations.  
Instead, repetitive unwinding behavior was prevalent at all conditions.  Distinguishing between 
these two mechanisms of ATP hydrolysis is a challenge and perhaps may require future 
experiments with fluorescently labeled NTPs to determine how many of them are bound to the 
six subunits during unwinding.  L-tag is a replicative helicase which unwinds 1000s of bp during 
DNA replication.  However, frequent repetitive unwinding will prevent it from undertaking this 
task efficiently.  Helicases work with other enzymes during genomic replication.  Hence, other 
enzymes like primase or polymerase that work closely with helicase may prevent its backward 
movements, like was shown for T7 helicase (19-20), which will ensure high processivity.       
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4.6 Figures and Tables 
Table 4.1: Sequences of the oligodeoxynucleotides  
 
Name Sequences 
Fk34-T60/T35 5' Biotin T17 Cy5 T7 CAAGGCACTGGTAGAATTCGGCAGCGTGCTTCTC 3' 
5' GAGAAGCACGCTGCCGAATTCTACCAGTGCCTTG Cy3 T60/35 3' 
Fk34-T60_1 5’GA Cy3 GAGAAGCACGCTGCCGAATTCTAC Cy5 CAGTGCCTTG 3’ 
5’ Biotin CAAGGCACTGGTAGAATTCGGCAGCGTGCTTCTC T60 3’  
Fk34-T60_2 5’ T15 GA Cy3 GAGAAGCACGCTGCCGAATTCTAC Cy5 CAGTGCCTTG 3’ 
 5’ Biotin CAAGGCACTGGTAGAATTCGGCAGCGTGCTTCTC T60 3’ 
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Figure 4.1. Domain organization of L-tag.  L-tag 131 and L-tag 260 constructs were 
used for smFRET experiments.  L-tag 131 contains the OBD and the helicase domain (Zn 
and AAA+ domains).  L-tag 260 contains the helicase domain but not the OBD.   
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Figure 4.2. The origin binding sequence (1). a. The SV40 origin binding sequence is 64 
bp and can be divided into two halves.  Each half contains two 5’-GAGGC 
pentanucleotides and an AT-rich (AT) and an early palindrome (EP) region. b. The L-tag 
double hexamer covers about 70 bp of dsDNA.       
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Figure 4.3.  Crystal structure of L-tag (2).  The black circles highlight the six ATPs 
bound to all six subunits in the hexamer.  This structure suggests that L-tag hydrolysis 
ATP in a concerted manner during translocation/unwinding. 
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 Figure 4.4. L-tag unwinding on fork substrates.  a. DNA construct used for L-tag 
unwinding.  b.  Representative Cy3 and Cy5 (top panel) intensity trace and corresponding 
FRET trace (bottom panel) for repetitive unwinding. c. Representative Cy3 and Cy5 (top 
panel) intensity trace and corresponding FRET trace (bottom panel) for monotonic 
unwinding.   
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Figure 4.5. Unwinding time of L-tag on different constructs.  a.  The unwinding time 
was measured from high FRET to low FRET.  The arrows indicate the start and end point 
of unwinding time on the representative FRET trace. b.   Unwinding time histograms for 
L-tag 131 and L-tag 260.   
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Total unwinding event time: 
12.54s + 11.17s = 23.71 s
Total unwinding event time: 
27s + 6.1s = 33.1 s
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 Figure 4.6.  Assembly time of L-tag on DNA.  FRET trace indicating how the assembly 
time was measured: ~1 s after the time of flow until FRET starts to decrease (top panel).  
Assembly time histograms for L-tag 131 and L-tag 260 (bottom panel).     
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Table 4.2: L-tag unwinding results with low ATP concentrations 
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 Figure 4.7.  L-tag unwinding on alternate substrates.  a. DNA construct with 5’ tail.  
This construct showed very low unwinding yield. b. DNA construct with 5’ dT15 tail.  
This constuct showed very efficient unwinding.  c.  Representative Cy3 and Cy5 intensity 
traces for monotonic and repetitive unwinding (top panel).  Corresponding representative 
FRET traces for monotonic and repetitive unwinding (bottom panel).  
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 Figure 4.8. L-tag doping experiment with tri-cis and -hairpin mutants.  a. WT:MT 
used for doping experiments for both tri-cis and -hairpin mutants. b.  Represenative Cy3 
and Cy5 intensity traces (top panel): monotonic, repetitive and FRET change.  
Corresponding representative FRET traces for three types of traces (bottom panel).   
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 Figure 4.9.  Analysis of L-tag doping experiments.  a.  ATPase (tri-cis) mutant plot of 
% of unwinding as a function of WT:MT. b. -hairpin mutant plot of % of unwinding as 
a function of WT:MT 
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 Figure 4.10. Fitting of L-tag doping data into subunit coordination modes.  -hairpin 
mutant data fits into the semi-coordination mode of ATP hydrolysis.  Tris-cis mutant 
shows coordination but cannot be fit into any of the derived models from Prof. Chen’s 
lab.   
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 Figure 4.11.  ATPγS data.  a. Percentages of ATP:ATPγS used.  b. Plot of % of 
unwinding as a function of ATP:ATPγS.  
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 Figure 4.12. Fitting of ATPγS data into subunit coordination modes.  The data shows 
some coordination but cannot be fit into any of the coordination modes derived from 
Prof. Chen’s lab. 
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